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ABSTRACT

This report covers in detail the :olid state research work of the Solid
State Division at Lincoln Laboratory for “he period 1 Avgust through
31 October 1987. The topics covered are Solid State Device Rescarch,

4 Quantum Electronics, Materials Reszarch, Microelectronics, and
3 Analog Device Technology. Furding is provided primarily by the Air
5 Force, with additional support provided by the Army, DARPA,
Navy, SDIO, NASA, and DOE.

] —

C it

Fcoceson Fov

NTIS  CRAAL
Gl 14y

Soeaenorcoed
Josthincate _

" gg..,,‘mv ;,J .
Qn&,.

-
i

0

..4)'. B

LN IAR]
AL

See b

- ————— e s -

Av-coaty Codes

i 'ki.’»i aatfor
i >5Ciat

WY F ey e A B e

S

RO
Dafag iy

w F R

S ar
1 e

i.
BRI .24
-

sk ate

1 .
s &
B I IV R e AL LA L RN S T S Y P RS R AL A R S A T S . SR AR A S R P O I I e I I I e



M .4.

iy :!
i
{
g
H
?
i
+
|
i
i
}
i

¥ - <.‘2
Vo - .\__3
g R
o
- ; TABLE G¥F CONTENTS
: : Abstract it
: 4 List of Ilustrations vii
PR List of Tables ' xi
Introduction xiii
4 Reports oa Solid State Research xvii
SR Organization XXV
Y 1. SOLID STATE DEVICE RESEARCH 1
'
% 1.1 Monolithic Two-Dimensional Surface-Emiiting Arrays
g of GaAs/AlGaAs Diode Lasers !
F 7,}3 1.2 Integrated Optics Wavefront Mcasurement Sensor 4
% } 1.3 Stcbilization of the Optical Power of a Laser Diode 8
ey
g :J
1 :9: 2. QUANTUM ELECTRONICS 13
’ e 2.1 Synchronously Pumped Mode-l.ocked Ti:Al;0; Laser 13
1 3 2.2 Tuning Experiments on a Ti:A!,O3 Laser Using
AR an Interferometric Cavity 13
; 2.3 Smail-Signal Gain Measuremerts in 2 Ti:ALO; Amplifier 16
o 2.4 Lidar Glservation cf the Earth's Sodium Layer 19
3 s
A 1 3. MATERIALS RESEARCH 23
g 3.1 Residoal Infrared Absorpiion i+ TEALO; Crystals 23
L 32 Pulr Silicide Schottky-Barrier 'R Detectors 24
- i
4. MICROELECTRONICS 31
3 4.1 New MBE Buffer for Micron- 2nd GQuaner-Micron-Gate GaAs
AN MESFETs : 31
) "k 4.2 Advanced Device Fabrication with Angled Chilorine
S lon-Beam-Assisted Eiching s
" 4.3 Switched-Capacitor Filters : : 41
5. ANALOG DEVICE TECHNOLOGY : 45
5.1 RF Surface Resistance of YB2 .CuyG; Thin Films 45
5.2 Laser Direct Write Compensation of Reflective-Arrzy Compressor 49
5.3 Bulk-Acoustic-Wave Reflection-Grating Resonators: Phase-Notse
Measurements and Temperature Compensation 51
v

e ; . . ot mra e s A e s A - oW e e m ety e e m a e e e e me e e .
T T e e Tt e e e T T N R T AT L L O S NN L TN e e L e, PP At A A S



LIST OF ILLUSTRATIONS

e LT L
I '. e i
s A 9 T et e gt WP B L W

j Figure
£ No. Page
; 1-1 Schematic Diagram of a Monolithic Two-Dimensional Surface-
Emitting GaAs/ AlGaAs Diode Laser Array with Light Emission from
3 Both Laser Facets of Each Laser. Arrays with Light Emission from
g Only One Facet of Each Laser Also Were Fabricated 2
E 1-2 Near-Field Pattern of a 22-Element Array with Light Emission from
L4 Both Facets of Each Laser 3
3 __)
3 9 13 Pulsed Power Output vs Currerit of Two-Dimersional Array Whose
. i Near-Ficld Pattern Is Shown in Figure 1-2. The Current Pulies Were
4 3 100 ns Wide at a 1-kHz Repetiiion Rate 3
. 3 I-4 Near-Field Pattern of 2 95-Element Array with Light Emission from
= «;’ Only One Facet of Each Laser 4
o
- *.é; I-5 The Experimental Arrangement for High-Temporal-Resolution
3 ‘% Measurements at A = 0.514 gm in Which the Wavefront Is Tiited by
3 Means of an Acousto-optic Cell 5
: i-6 Tilt Measurement Errors for Tea 200-ns-Duration Measvrements
5 Taken as the Acousto-optic Celi Tilts the Wavefront at the IOWMS
j by 2.5 mrad (Corresponding to 45° of Phasc) in 2 ps. These Errors
_' Are Due in Large Part to the Liatistics Ascociated with the Linsiled
_ Number of Electrons in the CC3 hnager Charge Packets 7
o
3 1-7 Block Diagram of the Experimental Seiup for Controliing the Opiical
L3 Power from a Semiconductor Laser Diads at Operating Points both
E- - j Above and Below the Laser Threshold S
3 , 1-8 Performance of Implementatior Shown in Figure 1-7. The Dilference
T Between the Measured and Cal:ulated Opiica! Power Levels,
ST Normalized by the Power in th> Least Significant Bit {LS8) Is Plotted
A ' vs the Bit Number, Aciivated 1adivideally. Data Were Taken with the
Most Significant Bit (MS5B) Off and On 16
2-1 Laser Cavity Geometry. B.5. Is a Beameplinter, Coated on (e Side
with a ¥ Reflecting Thin £iln:; the Opposite Side Is Usad at
Brewster's Angle 14
2-2 Ceombined Mechanical-Eik\:o«.ptic Turing. D is a Position-Sensing
Silicon Photodiode 15
. Vit
_—
t -a2
) R
4 T o e A I P A P PR LA O S LA S D NG AT LTI PO AT TR PO PCACH



. Figure
o No. Page
2-3 Wavelength Transicat Responsc to & Square-Wave Drive Applied to
,, the Tuning Mirror. Upper Trace: Gpen Loop Response. Lower Trace:
‘ B with Feedback from Wavelength-Sensing Detector (Figure 2-2). 15
; : J 24 Schematic of the Experimeatal Setu) for the Measurement of Small-
5 Signal Double-Pass Gain in a Ti:Al,O; Amplifier. A Frequency-
= Doubled Nd:YAG Laser Served as the Pump Source and Either a CW
" " He-Ne Laser or a CW Ti:AL,Oy Was Used as the Signal Source.
B Single-Pass Measurements Were M:de Along the Indicated Path with
. the Tuning Mirrors Removed and tae Detector Repositioned 16
’3.{ 2-5 The Exponential Gain gL as a Function of Incident Pump Energy
g Density for the Single- and Doubie-Pass Experiments at 790.7 nm and
; 3 799.8 nm, Respectively, with a Ti:AO3 Laser Used as the Signal
L Source. The Lines Through the Daia Are Linear Fits with the
- Censtraint That They Pass Through the Origin 17
; ' i 2-6 The Gain Anisotropy Between the -+ and o Polarizations at 632.8 nm.
; _ ; The Angle Between the Polarization Vector of the He-Ne Laser and
s the c-Axis Is 8. The Straight Line Ts a Linzar Fit of the Data to the
. 3 Equation g, = g - (85 - Bo)sie?6. The Incident Pump Encrgy Density
F Wazs 3.7 J/cm? 18
' 27 The Observed Puie Width ty,, ot 790.7 nm a5 a Funciicn of Incident
Pump Energy Density, The Tune §equired for the Signal intensity [0
Reach iie of Its Value at t = 0 Is Diefinied 25 3. The Dtz Are
] Indicaizd by the Circles, YWhile the Solid Lipe Is Givin by
oo Equation (2-2) 1
é 2.8 Schematic of the Sodivm-Fluoresconcs-Detextion Appaiotus 20
i : '} 29 Sodium-Resonance Radiation Bechscaitered by the Earth’s
- ‘ Atmoszhere. Photomultiplier Cou. s per Microsecond Over 2X 109
F Laser Pulses Are Ploticd as a Furction of the Elapsed Time After the
Sodium-Tesonzance-Radiztion Puke Is Transmitted into the
Auncapiere. The Signal from the Scdivm Layer Occurs at a Round-
Teip Timz of 630 ps 28
3 3 Residual Absorption Coefficiznt o, at 760 nm vs Main Absoiption
3 Cocfficient a,y, 2t 490 nm Measur-d at Room Temperature in the 7
2 Polarization for a Partiaily Oxidi-ed VGF Sample of Ti:ALyOy 25
vy
2
a
e
SRR
g
e vl
?
i
b e AT I e e e e S T BN T S ST T e ST TR SN N NN T SN LA

.
SRR |



k|
. '3
-
b
& .
F 0 gore
-3 No.
% 32 Plot of a,/ay Vs ay, Obtained from Data of Figurs 3-1. Values of C
1 and e, Determined from the Strai-ht Line in Accordance with
Cg Equation (3-2) Were Used to Cale late the Parabola Shown in
E 3 Figure 3-1
g 33 Schematic Structure of Silicide Schottky-Barrier Infrared Detector
L with Pt-Ir Silicide Electrode
i 34 (a) Forward and (b) Reverse Current-Voitage Characteristics at 77 K
-] for Pt, Ir, and Pt-Ir Silicide Schottky-Barrier Diodes
3 o 35 Responsivity us a Function of Watelength for P, Ir, and Pt-Ir Silicide
a i Schottky-Barrier Detectors
: : 4-1 Schematic Cross Section of the MESFET Structure Used to Measure
f Backgating
- ] 42 Backgating Characteristics: New MBE Buffer, Undoped GaAs Buffer,
A 2nd Undoped Superlattice Buffer. The Solid Lines Indicate the Results
.2 Obtained in the Dark, and the Dashed Lines in the Light
j 43 SEM Photographs of the 0.27-um MESFET: (a) Top View of the
Device, and (b) Magnified View of the Gate Region
'; 44 Schematic Cross Scctions of the €.27-um MESFETs: (2) New MBE
S BuZfer, and (b} Uncdoped GaAs Buifer
4-5 (a) Schematic Dizgrem of a Mons lithic Surface-Emitiing Teo-
i Dimensional GaAs/ AlGaAs Laser Diode Array, and (b) Near-Field
1 i Pauein of a Typical Arcay
: ,‘ 46 Schematic Diagram Nustrating th: Two-Step Process for Fabricating
F Nanameter-Size Structures Such &5 Quantem Wires. After the Initial
P Etch, the Masking layer Is Remcved and a Second Angled Etch Is
‘ Used to Thin the Columns
4-7 SE Micrographs Showing (3) 8/-nm-Wide Columns Resuliing from
= a Normal-Incident Chlorine IBAY Cich, znd (b), (), and (d) the
A Results of Angle Etching the &3-m-Wice Columas of Microgiaph (a).
- The Columins in Micrographs (b}, {¢}, and (dj Were Fiched for 1.0,
T 1.5, and 2.0 min, Respectiveiy, and Have Respective Widths of 40, 22,
. ;' and 9 nm
S
3 ,;
LA
S
- ‘5’
. ", 1%
b
o
e
P - \!‘n'}\. V"v‘ o ~, '.’ ,1 P Rl A TR R Al TR A MK -_._-,.-_-:;-.- '_'I_'='_'."'4',"-’_’-“‘-"v'-’_'n"' I AL
[PEEETRETERENG SE W -.“.-.--'-.ﬂ.-.‘\--'-'-—'-~'-'~- P R AL I AN AS AR

»

Page

26

3

32

i3

37

38

-
'~ e



3

Figure '
': No' h:e
:. 48 Schematic Diagram Showing a Scheine for Contacting the Quantum
Well of a Resonant Tusncling Transistor. The Key Fabrication Steps
1 g’ Include an Angle Etch, MBE Ovezigrow:h, Top Contact Shadow
. Evaporation, Reactive lon Etching or Second Chlorine IBAE to Open
. the Well Contact, and Weil Contact Evaporation 39
:'»'1 49 Schematic Diagram of the Proposed Resonant Tunneling Transistor
= with SEM Micrographs Showing the Finger Structure After Angled
3 Chlorine IBAE. As Showm in the M crograpks, a Compound Anglz
- 3 Cut Was Used Also to Aid in Contzct Isolation 40
g , 4-10 Schematic Diagram of the Proposed Vertical FET. In This Device, the
Pinchi-Off Voltage Is Adjusted with Angled Etching Before the Gates
& Are Applicd 40
& } 4-11 Switched-Capacitor Lowpass Filier. (a) Conceptual Representation.
4 (b) Realization with MOSFET Transfer Gates Controlled by
3 Nonoverlapping Clocks 41
. 4-12 tep Response of the Switched-Cap::zitor Filter at a Clock Frequency
LT of 1 MHz (a) Measured Response <.t an Update Rate of IS us.
2 () Calculated Response at an Updzte Raie of 30 us 42
, f 5-1 Cross Section of the Stripline Resorator 46
) 5-2 Mearder-Lize Patsern Used for the Center Conductor of
L5 the Resonator 46
§ 5-3 Surface Resistance of ¥BaCu0, Au and Al Films as a Function of
; % Frequency at 4.2K 48
- 54 Measured Values of the Dielectric Loss Tangent of Ytiria-Stabilized
= :) Zirconia Substrates at T = 42K 49
i‘g 55 RAC Frequency Response Before 2:d After Full Compensation.
{"5 Vertical Lines Near Upper Freguen.y Axis lndicete the Design
= Bandwidth of This Davice 50
g» 56 Corresponding RAC Phase Errors. A Single Prase-Compeasation
: ; Pattern Was Applicd Ajter Amptinude Conrzction 51
T R e e S L S A R S L S L L A R PR



T T T T L L e I FUR NI A T o I ST R - pe s - O T

. 1]
Lo b et Ak WAL a TRt B ko el

A Fizere
: 1 57 Results of Measurements of Phas: Noise in BAW-Rezcnstor-Stabilized :
ol Oscitlators. For Keference, the Noie in a Typiczl SAW QOscillator ‘
ko4 Muliinlied wp to I-GHz Cpesstion and Noise for a DRO at § Glfz :
S Are Shown. Also Shown Is 5 Thuoretical Cusve Oltained Uszing !
E Equation (5-6) with G = 40 ¢B, | = 3B, P, = 16 &Bm=, Q = 20X 104, i
and a = 1.6 X 10718, The Agreesacnt Betwesn Theory and Experiment i
¢ Is Excellcat. The Bottom Curve Shows the Projected Noice with
B _; Improvements Discussed in Text, Using Equation (5-8) with ;
;! j’*{ G=25d8,F=4d8, P = 27dEn, Q=5X 10, and @ = 2X 1012 52 1
%_ i’ 58 Reflecticn Coefficient for a Fesonator Fabricated in LiTaO; 53 :
f;f j 59 Measurcnxents of Relative Chana in Delay vs Temperaturz for New
: 4 Cut of LiT20; Employing Shear Wave Propagation 54
o :
3 ¢
o .

LIST @7 TAILES i
L Ke. | . i
g 4 Summary of RF Resuits 31
; ‘( 5-1 Thia Film Parameiers 45
2 ;

N Xi
V. wli“d‘ "'. f.-.r‘.t-,- ._'.,'/.,r_.‘ -"\'_\."..".;'.’ LA T AL AT AT -‘_& o~ J’_&(«. L ,‘-_""‘-"}v‘ AN N
b, o et r e T T S AT PR LR x'..~,-.p,‘.n'.%.r.-.\.-.-.-k-.'».'l-’x.-.-.'“- —'- o e “.‘n.‘;,ﬂ



[ESTRFIVINE PEAWL SRR

i
i

s aario

izl

et G e e B e by i D b i i

RV e R

Bl

!
B T T

Ve tnd

ey

Y
s,
L

H

'y
wte

e
W
- W

.\‘“z o
o

ORIt e g

T

o
Yootk ww

e e e Ty R .

. "

(:“”

SR |

INTRODNUCTION

1. SOLID STATE 2EVICE RESEARCH

Monoiithic two-dimensional GaAs/ AlGzAs diode laser arrays with light emission norm:i-to the
surfzce have been fabricated using edge-emitting quantum-well lasers with facets and adjacent defiecting
mirrors formed by ion-beam-assisied etching. A pulsed output power density of 370 Wicm? was
obtained from a 22-clement array, and a total output power of 7 W (limited by available current) was
obtained from a %6-zlement array.

The integrated optics wavefront measuremant sensor has been used to measure a wavefront
deflected at high speed by an acousto-optic cell. Ten 200-ne-duration frames of data have been obtained, .
and the phase angle of the optical wav=front has been measured with an rms error of 3°.

Design considerations have been formulated for an optical power controller that is capable of
stabilizing 2 laser diode output at operating points both above and below the laser threshold current. An
8-bit experimental implementation has yielded rosults in good agreement with expectations.

2. QUANTUM ELECTRONICS

Mode-locked laser operation has bezn obtained ina T Al Oy ring laser synchronously prmped by a
frequency-doubled Nd:YAG laser-amplifier systest. This is the first time mode-locked lasing has been
achieved by synchronous pumping in either a soli i-state material or in a system with a lifctisae greater
than | ps.

A lasercavity witha weak!ly coupled side arm has bees esed suceessfully for wideband tunirz of the
Ti:ALO; master oscillator, providing telerance of Ligh intra-cavity insertionlesszs and operatios atlow
aptical intensity. In a mixed mechanical-electro~¢ plic approach to the fregusncy agility reguirements,
coarse tuing over most of the Ti:A),Oj laser g«in curve hes been achicved 1 less than I ms.

A crall-signal, single-pats powes gain of 80 has been measured for an input sigoal in the
polasizaticn parallel to the c-axis at 790.7 nm in a longhudinally pumped TuA} O amplifier, and a
double-pass power gain of 10¢ has been obtained for the sarme polarization 0t 792.8 nm. The Lifetime of
thie upper laser level Gecreases with increased puripiag, prebebly as a result of amplificd spentancous
emission.

Resonance flucrescence from the earth's nat :rally occurring sodium laver, 2t 90 km abiitude, has
been observed using a solid-state source of pulied sodism-resonance radiation generated by sum-
freguency mixing the autput ¢f two pulsed Nd:Y A G lasess. The number of backscatiered photons was
counted 23 a funciion of time after the pulse of sodium-resonance sadiation was transmitted vertically
into the atmosphere.
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3. MATERIALS RESEARCH

Measurements have been made on a partialiy oxidized sample of Ti:Al, O3, in which the Tid/Ti%
ratio varies with distance from the surface, to determiz = the residuzl infrared absorptionas a functi mof
the Ti3* absorption for constant total Ti concentration. The results confirm that the residual absorption,
which impairs the performance of TizAlyOj tenable lasers, is due to Tid*-Trd* pairs.

Schoitky-barrier infrared detectors have been fabricated with silicide clectrodes formed by
sequentizl vacuum deposition of 510 10 A thick Ptan’ 10to 22 A thick IrJayers on p-type Sisubstrates
and subsequent thermal annealing. The Pt-Ir silicide diodes have cutcfT wawvclengths extending welt
bevond 6 um and exhibit higher quantum efficency tizn cither Pt-only or Ir-only silicide diodes overa

significant spectral rangs.

4. MICROELFCTRONICS

A new buffer layer has been developed that climinates backgating in GaAs MESFETs ard
substantially reduces short-channel cffects in GaAs M ESFETs with 0.27-um-lonz gates. The new bulier
layer, which is crystalline, highly resistive, optically inactive, and can be overgrown with high quahty
GaAs, is grown by molecular beam epitaxy af & substrate temperature of200° C using Ga and Asy beam
fluxes.

Angled fon-beam-zassisted etciting lias boea used in conjuntction with a variety of lithographic
techniques to produce structures in Ga/.s and GaAlAs with controiled side-wall geometries. Veitical
field effect transistors, resonant tunneling tracsistors, surface emitting jased arrays and quantum-wire
structures have beea fabrizated.

A switched-capacitor jow-pass filter has been it tegratzd into each of 705 fingers of an enharacd
design of the SAW/FIT wideband tepped delsy tine. The new SAW/FET shows improved
performunce, and switched-capacitor-flier tost sruc: 115 o0 it same chips perform in agreement vath

- SPICE simulations wsed in the desizn.

5, ANALOG DEVICE TECHNGLOGY

The surface resistance of superconducting pol-aystailine thin fitms of YR3,Cu309.4 has been

-
.

.
z

meacured in the frequency range between 0.5 GHz oud 17 GHz at Jow temperaturcs ucing 2 sirplinc-

resonztoi rasthod. The valuz of thesarface resistanc:at4.2 K ard JGHzis T X 1040, lessthen thatof
any normia! metal, and is propoitional to the squ.re of the frequency, as is that of conventional
supercondusiors.

Laser-aciivated photochemical techniques ha-e beea uzed to define amplitude- and phase-
correction patterns of Cr-Cry0y and Mo, respectively, containzd betwesn reflective-2TTay-~ O pressor
gratings. With the incorporation of a recently devel :ped compensation alzorithm, whick includes the
coupling betwesn amplitede and phase, ampiitude compensation te within #0.05 dB of the desired
uniform response and rms residual phase ervcr of 0.5° have besn achieved over the design handw dth.
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The phase noise of lithium niobate holczraphic batk-acoustic-wave reflection-grating oscillators
operating at 1 GHz has been measured to be -150 dBc/ Hz at 100-kHz offset from the carnier.
Mezsurements of holographic gratings in iron-doped lithium tantalate ind:cate that high-quality-factor
resonators can be fabricated in this temper:ture-compensated material
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1. SOLID STATE DEVICE RESEARCH

1.1 MONOLITEIC TWO-DIMENSIONAL SURFACE-EMITTING ARRAYS OF GaAs/
AlGaAs DIODE LASERS

{ Monolithic two-dimensional arrays of GaA: / AlGaAs diode lasers with light emission normal
to the surface have been obtained by fabricating edge-emitting quantum-well lasers coupled with
‘external mirrors that defiect the radiation from the laser facets by 90°. Lins .t arrays of GaAs/
AlGaAs devices in which one of the laser facets was cleaved while the other facct and an

" adjacent 45° deflector were formed by ion-beam-assisted etching! (IBAE) have been reported.2
For the arrays reported in this section, 1BAE was used to form ail of the laser facets and the
deflecting mirrors. A mass transport process of the type employed to fabricate two-dimensional
arrays of GalnAsP/InP lasers coupled with deflscting mirrors? is not known for AlGaAs.

The GaAs/AlGaAs wafers used for the arr:ys contained a single quantum well symmetrically
positioned in a large optical cavity. Orgasomet:ilic vapor phase epitaxy was used to grow the
following epitaxial layers on a (100) Si-doped n*-GaAs substrate: 1.0-zm n*-GaAs buffer, 1.0-um
n-Alj sGzg sAs confinercent, 0.12-ym undoped Aly3Gag 7As, 0.02-um undoped Al GaggAs
active, 0.12-um undoped Aly ;Gag 7As, 1.8-um »-Aly sGag s As confinement, 0.1-pm
p*-Aly sGag sAs, and 0.15-um p*-GaAs ceatactisg. The active layer pius the two 0.12-xm
undoped Aly ;Gag7As layers on cither side of tie active layer form the lasge optical cavily.

ORI
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Two differcnt types of laser arrays have kesn fabricated. In the first, two dzliccting tairrors
are formad znd lizht is taken cat of both facet. of each laser. In the second, only oue deflector
is formed and a totally reflecting mirror is plac-d on the back laser faczt. The fabrication
procedure for the second type of array is much simpler than the first. The desiga of the first type
of laser arrays is shown schematically in Figurc 1-1. The first step in fabrica: iz was to etch the
laser facets. With photoresist as an etch mask, IBAE was used to form pairs of siraight-sided
grooves 2 gm wide and about 3 um deep paral’sl to the (G11) cleavege plane. The d..tance
between the outer walis of the iwo grooves in cach pair is 50 pm. The outer wzlls of coch pair
, form the focets of the laser cavities, which arc 50 pm long. Lines about 3 pm wide immediately
o adjzcent to the inner wall of one of the elched grooves in cach pair were opencd in a pew layer
of photoresist, and approximately parabolic deicctoss for one side of zach laser row were formed
by IBAE v.hile the angle betvicen the waicr an! the ion beam was continzously varied.® The
deflzctor for the other side of each row was fo-med in a similar aanner. A 0.21-pm fayer of
Si;Ng was deposited on the entire wafer by RF-enhanced plasma chemical vapor deposition.
Next, S-um-wide stripe contact windows on 151)-um centers, oriented normal to the etched facets,
were opened in the SiyN,. The wafer was ihinted to approximately 75 um, and Ni/Ge/Au
contacts were applied to the back side. Two C:/Au angic cvaporations were made to contact the
top of the nitride-defined lasers and to coat the deflectors on both sides of each lascr row.
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Figwre 1-1. Schematic dicgram of a monolithic two-dimeasional nafsce-emitting GeAs| AlGaAs diode laver '
array with light emission from both laser facets of each {aser. Arrays with light emission from only ame foces of

each laser also were fabricated. 3

;

During each angle evaporation, the laser facets that otherwise would also have been coated were ]
protected with photoresist. Thick photoresist was dt nosited on the top of the wafer and atripes ;
spproximately 6 pm wide were opened midway beiveen the laser contacts. The wofer was then
protea bemhorded to introduce sifficiznt loss betvnnn the losers io each 7647 10 SUf T ;
in the teassverze direciion; such lasiog had been b aived for errays (ot were ot oo s :
For arrays of the second type, the febrication proscduze is steatlar, exeept anly one 203070,
mirror §5 etched 2ad 3 singlc angle evaporation without masing is used 10 colf the daiis :
reisror, contaci the lasers, azd form & rellocting i ror of the back {mencmiting) fensr faceis, !
Arrays of the first fype with 20-20 laser elemer '3 were cleaved from one wafer, mcuated for
testing and evalueied dusizg pulsed {100-ns pulses, 1-kHz repetition race) oprration. Fgore 1-2 N
shows the near-ficid pattern taken at abeut twice U reshiold for an arroy oonsisting of 1w 50W3 ;
of 11 lnser clerents each, ail bonded in parailel Sitce this array had defleciing mirrors on both
sides of cach laser, the middle spots are eack: prodi ced by the overlopping cutputs from two :
lascrs, cne in coch row, and are thercfore larger thia the ontside spoin. Other arrays [rom this

wafer had similer characteristice.

Figure 1-3 is a plot of the powes outpat vs current for the arrey whoes near-firld patlern is
shown mn Figure 1-2. The sharpness of the knce in -he curve shows thai the thrashold currents of
the individua! iaser elements are fuirly uniform. Thr extrapolated threshold current for the entire
array is absut 3.5 A, for an average threshold of aout 160 mA per lzser. The differeatial
quantum cfficiency is about 15% at low currents but increazzs to about 25% at the hizher current
levels. A power output of 3.7 W, which corresponcs to a power dersity of = 370 W cm?, was
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: obtained at a current of 16 A. Above this level, facet damage occurred on one laser, but the rest
2 of the lasers in the array continued to function. The emission wavelengths of lasers in this array
3 varied from about 790 to 798 nm. This wavelength :ange is consistent with the active layer
, composition of Alg |Gag gAs.
; Several large arrays cf the second type consisting of approximately 160 elements each were
4 cleaved from another wafer. Figure 1-4 show, the nsar-ficld pattern of & 96-clement array &t
: about 1.25 times threshold. On this wafer, light is t:ken out of only one facet of each laser. As
i can be seen, all 96 ciements lase. This was true for uiost of the large arrays fabricsted. A pulsed
1 3
B
4 Figure 14. Nec-field pattern of & S6-¢lemens array wit: light emizsion from only one faces of each lases
‘ power output of 7 W, limited by available current, was obtained from this aoyoy, [Fisher gowers
4 are anticipated wisn higher current capalxliiss betome availabie, The diflzrential cuantum
eificencies on these large arrays, however, were on'y 8-1(4p Significant improveaiczis it
quunium ¢ ({ficiency, as well as threshoXd current en ! povier output, are anticing’ed through
2 improvessaots in material guality, iaser desiga, and fsbricotion presedures
1
; J.2. Donnzliy T.H. Windhorn
: W.D. Goedhue  R.J. Baley
P 12 INTEGBATED OPTICS WAVEFKONT MEASUREMENT SENSCGR

Sensors consisting of an array of interferometecs to measure phase differenzes 2nd staight
wavzguides to measure fatensily along 2n optical wavzfroat have been fabrizated o LiliiOy at
four wavelengths (A = 0.458, 0.514, 0.62, and 3.39 pm), and the performance of the sensors Fas
been evaluated.$ The outputs of tze arvays are couslzd to ar imaging CCD and fed into 2
computer. In this report, we describe the demoanstrition of short-frzme-time opera v in which
ten 200-ns snapshots have been taken of a 0.514-p:a coliimazed wavefront that har been zcousto-
opticaliy tijted at the sensor aperture during @ 2-ut interva.
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The experimental arrangement used for measurements at 0.514 pm is shown in Figure 1-5.
At the upper keft-hand corner is the argon icn laser. The laser beam is attenuated by two banks
of neutral density filters, and then passes thiough a polarizer so it can be oriented either TE or
TM when it is incident on the waveguides. (The las/r beam is orieated at 45° to both
polarizations before the polarizer.) A beam « plitter splits off a smzll portion of the eacrgy to an
input beam monitor. A beam expander with a spatial filter both expands the bear and removes
aberrations so a collimated beam of about 5.cm diameter with a nearly perfect flat wavefront is
incident on the integrated optics wavefront ricasurement sensor (JOWMS). The circular inset
shows the acousto-optic (AO) cell that is uscd to deflect and tilt the first-order beam incident on
the IOWMS. It also is used simultancously :s a shutter to reduce the duty cycle of the incident
radiation on the IOWMS. For a 2-us sweep, the beam deflection of the AO ceil was linear in
time over an angular range of about 2.5 mrd, which corresponds to a 45° range of phase tuts
across the interferomeier arms (separation = 26 um). During each 2-us sweep, ten frames of data
were obtained.

T

FOCED
\mon ZERO ORDER

- / EZAM
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“OoPnIC | VMAVEFRONT TILT

CELL [ /UHS0y g
r __!‘ A ot |t
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[

3T KEUTRAL D T T
388 FIXED NE ™ A MIRCGSOOPE
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FRYER N\ crmaqvcd. -/
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N ]
oy !
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e
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Figure 1-5. The experimenial arrangement fo: high-iemporal-resolution measurements o » = 0514 um in
which the wavefront is tilted by mesns of an a ousto-sptic cell.
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The outputs of the waveguides are focused by a 5 X microscope objective to produce a real
image. Another 5 X micrescope objective is used at the CCD the same distance from the real
image, so the optical train betwesn the output of the waveguides in the LiNbO; and the imaging
CCD cells has a I-to-1 magnification. A field lers of focal izngth d/4, where d is the distance
between the two objectives, is placed in the plan: of this real image to prevent vignetting (to
assure the collection of off-sxis light from the first microscope objective 2t the second mICTOSCOpE
objective). A flip mirror is in the optical path Lriween the waveguide array and the CCD, so the
waveguide output can be imaged if desired at the vidicon instead of at the field lens. A second
flip mirror is shown that imaged an individual waveguide ouiput onto a photodiode that could
be translated in 41 discrete steps to obtain the data from the 41 guides for diagnostic purposes.

The CCD and the microscope objective that focuses the light on the CCD imaging cells are
shown schematically in the rectangular inset in Figure I-5. The CCD was a polysilicon gate,
front-illuminated, buried-channel device consistirg of 64 columns by 128 rows of cells. The CCD
had one imaging row and the next ten rows werz used to stere the ten frames. The CCD support
circuitry placed a lower Limit of 200 ns on the clock time and thus on the frame time. The stored
data were read out of the device at a 1-MHz rate.

The data from the experiment are presenied in Figure 1-6. For the flat wavefront being
tilted at the input to the IOWNMS, all the interferometer resolution elements should yield the
same va'ue for the phase angle 8 (or its equivalcat tilt angle), given on the abscissa of Figure 1-6.
Plotted in Figure 1-6 are the meesurement errors (deviations from expected values) for 10 of the
20 interferometers for ten 200-ns-duration measvrements dunng the 2-ps-duration deflection by
the AO cell. Note that these phase errors are les than £ /5. The geperal trend of an increase
in phase error from 8 = -100° to 8 = -55° suggeits a systematic erfor in the calibration of tixe
AO deflection. In obiaining the data of Figure }-6, there was a limited power density evailable 2t
the interferometer array from the argon jon lzser beam after it had been spatially fitered and
expanded to give a flat wavefront with reasonat ly unifor intessity over the array. Because of
this limited power density, there were less than 1800 signal electrons in a charge packet collected
in the 200-ns integration tims. From statistical ¢ naiysis of the operation of tic IOV/14S and this
knowledge of the number of electrons, the value of the standard deviation ia the phasc angie o(£}
is calculated to be 1.0° of phase for 8 = -100° znd 1.5° for 6= -55°. The vaiue of of0) for the
100 data points in Figure 1-6 is 3.0°, which is i1 reasonabie zzrecment with these predictions.

The data presented in Figure 1-6 indicate taat the crvors in the phase messurement are very
seall. Thus the IOWMS is useful in evaluating the flatness of the wavefront from both CW and
puksed lasers, lenses, mirrors, and other opticai componests. Ia addition, the high temporal
resotution of the JOWMS demonstrated by the 200-ns {rame time used to obtain the data will
make possible the investigation of high-frequen: v phenomena.

R.K. Rediker

T.A. Lind
B.E. Burke
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13 STABILIZATION OF THE OPTICAL POWER OF A LASER DIGDE

It is relatively straightforward to design an eletrical feedback loop® that stabilizes the
optical output from a semiconductor laser diode at a particular level. Achicvieg a stabilized
output over a range of optical powers is compiicat:d by the fact that severa! of the laser’s optical
and electro-optical parameters thet affect feedback loop design are functions of the laser
operaiing point. Variation in these parameters is particularly strong, €.z, changes of the ordzer of
100, when the range of stabilized optical powers ev.teads both above and betow the laser
threshold. The basis for this variation is the chang: in the dominant emission mechanism around
the threshold: spontaneous below and stimulated above. Variation in an optical parameter,
examples of which are beam intessity and staie of polarization, requires that the feedback loop
monitoring configuration must be chosen such that the variation has the same effect on both the
usable and monitored beams. Variation in an electro-optical parameter, such as differential
quantum efficiency, results in a loop transmission :hat is dependent upon the laser operating
point. Consequently, the feedback loop must be dosigned so that key performance parameters,
such as stability and speed of respoase, remain wiihin acceptable limits over the full range of
parameter variation.

e

HiroiDisbt ot pa il i MR

A specific zpplication of the above general discasston is the stabilization of the optical power
in the core mode of a single-mode fiber, izdepend:nt of the state of pclaiz-iica, over a range ia
powers both above and below laser threshold.

The common monitoring configuration, whict pses a large-area photodicde mounted behind
the back face of a fiber-coupled laser diods, is fur Jamentally unsuitable in this application, since
the signal from such a photodiode is proportional to beam irradiance. A signal propostioral 10
beam intensity can be obtsined by using 2 fiser-optic spliiter to tap off u porucn of the cptical
power in the laser’s output fiber. In addition, this monitor configurztion will provide
compensation for chanses in the laser-to-iiber cou piing efficiency, since this coupling is now
inside tue ferdback loop. The cladding-mode pow:r can be reduced to insignificant levels with a
cladding-mode stripper. However, it must be inse: ied before the fiber-optic monitor splitter, since
the spiitting ratio of fiber-optic splitters is not in 7encral the same for cladding as for core
modes.

R e AN N Rt o R A R i i I T T . VYess TR Ny

The magnitude of the loop transmission is dizectly dependent upon the differential quantum
efficiercy. As long &s a fixed response time (the ti=e required for a chanpe in control level to
resalt in a new optical power lewel) is not requirel, this problem can be handlced easily by
designing a feedback loop that has the required cogree of stability at the maximam leop
transmission. Conscquently, the lcop will be stz’': for lower loop transmission magnitodes, bat
the r2sponse time will be correspendingly slewer.

L Y AP LA S LR '
2Tk Eiy et e Bk Lt e T LS e

A block dizgram of a feedback loop that incorporates all of the above featurcs is shown in
Figure 1-7. A stardard, commercially availabic fi-ercoupled laser capable of launching 1.0 mW
of 1.3-um optical power into a single-mode optical fiber was used. The mode stripper was
implzmented by winding approximately 10 m of «ir:lz-mode fiber zrcund 2 S<m-diameter
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8-BIT
D-TO-A
CONVERTER
INTEGRATO#
DIGITAL RBER-OPTIC  AmPU
FIER
INPUT SPLITTER
. wr >
0 = T2
1 FIBER-OPTIC ox =
LAsEr CLADDING-MODE MAIN
DIODE STRIPPER PHOTODIODE
\J -
AMFLIFIER
MONITOR
PHOTODIODE

Figure 1-7.  Block diagram of the experimertal ¢ tup for comerodling the oprical power from & semiconducior
lawer diode at operaring points both above mvd | slow the ksrer threshold.

cyiinder. A commercially available fiber-opti. power splitter was used to divide the aptical power
into the uszble ($9%) and monitor (10%) fit:rs. Each of these fibers was coupled 1o oze of the
two identicai, fiber-coupled photodetectors, 5o standard commercial compuonenis. The digital
input that corresponds to the desired optical power kevel was converted to analog form via an
8-bit digital-to-analog converter (DAC). Thz choice of 8 bits for the word length is not crucial to
the experiraent; among the selection criteria were the fact that 8 bits would require operation
above and below threshold, represent a poteatially useful range, and avoid beinz cumbersome to
implemznt. The DAC output was compared to 2n appropriately ampiified signal from the
moniter photodiode. The difference was inlesrated by an operational amplifier whose output fed
the transistcr that controls the current throuph the leser. The integrator Ume consant was
chosen so that it was the dominant time cor siant in the feedback loop. The dc leop gain was
chosen so that with the maximum differenti | quantam efficiency the Isop had at lesst 50° of
phase margin; thus, when the loop is operai.ng at a point where the effic.eacy s izss, the gain
will be lower and the phase margin will approach 186°.

The control system was evaluated by m:asuring the output from the main photodstector as a
function of the input seiting to the DAC. A concise way to test the performance of the joop over
its entire range is to turn on cach bit indiviiually. Idzally, this shouid produce a binary
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Figure 1-8. Performance of implementation shown in Uizure 1-7. The difference berween the meansed and
calculated cptical power levels, normalized by the power in the beast significan! bt (LSA; is plosied vz the bit
mumber, cciivated individualiy. Data were taken with th» mcst sgnificans bit (MSE; off end on.

pre.czssion of optical powers. Further, by repeat ng this measurerment, once with the mst
siguficant bit (MSB) off ard then with the MSB an, it is possible to compare direcily tue
performance of the loop zbout two operating points, ons below and oae akove threshold.
Figure 1-8 is 2 plot of the data from such a mea-urement. The abscissa fs the bit number; e
ordinate is the difierence between the macasured alue of tbe optical power and an idezl bigary
prozression of optical powers, normalized by the optical power of the least significant bit (LSB).
Nose that the general shape of the error curves i: the same with tbe %153 off 2nd on. This
suggests that the operating-point-induced errors ave been reduced to the point where they are
negligible compared with the errors in the feedbo ok foop and DAC. Further note that all the
errors are Ires than one LSB, and at low powers the crrors arc less than 0.1 LSB.

C.H. Cox, III
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2. QUANTUM ELECTRONICS

2.1 SYNCHRONOUSLY PUMPED MODE-1.OCKED Ti:Al,0; LASER

We have demonstrated synchronously pumped mode-locked laser operation in a Ti:AlLO;

ring laser. The laser pump source was a frequency-doubled Nd:YAG laser-amplifier system
producing a 60-ps-long macropulse that comprised a wavetrain of mode-locked 70-ps micropulses
with a 10-ns spacing (100 MHz).

The Ti:Al,0; laser consisted of a 1-cm-long crystal with faces cut at the Brewster angle and

placed in a ring laser cavity configuration with a 2% output coupling mirror. The cavily was
adjusted for a 5-ns round trip transit time, which was closs to haif the tzmporal spacing of the
pump pulse. When the crystal was pumped synchronously at 532 nm with a 30-mJ macropulse,
which was approximately an order of magnituce above the laser threshold, mode-locked lasing at
~200 MHz was obtained. This macropulse purip energy corresponds to an average micropulse
pump energy of about 5 uJ at the Ti:Al,O; crystal face. The mode-locked operation of the
Ti:Al,0; was observed only after several microseconds into the macropslse, indicating a long
build-up process over many cavity trips. During this time, relaxation oscillations were observed.
When mode locking started, the relaxation oscillation frequency increassd by an order of
magnitude.

Synchronous pumping has been limited to operation with dye lasers and used either a CW!

INTERFEROMETRIC CAVITY

P.A. Schulz
N. Menyuk

or pulsed? mode-locked pump source. Keceat work3 has demonstrated CW mode-locked
operation of a Ti:Al, O laser. Gur result raises the possibility thzt pulsed synchronous pumping
may be used to obtain significantly narrowed liser pulses in Ti:AL O3

M.E. Maclnnis

22 TUNING EXPERIMENTS ON A Ti:ALO; LASER USING AN

Work on the Ti:Al,Oy master osciliator has continued in the direction of finer wavclength
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selectivity in the electro-optic tuning system. As more intracavity optical components arc added
to the tuner, the increase in lasing threshold due to the additional insertion losses tends to
become excessive; for instarce, a two-stage Lyot filter of tie type previously described, wiien
inserted into the laser cavity, brings the threskold putop power to approximately 10 W, compared
with 4 W for the ‘bare’ cavity. It also has been noticed that extended CW operation of the
LiNbQO; tuning crystals with high voltages applied gives rise to objectionzble photorefractive
phenomena, resulting in a substantial increase in lasing threshold over 2 period of about I h.
Both problems can be solved effectively by moving the tuning optics from the main laser cavity
to a weakly coupled side arm, as shown in Firure 2-1. The beam sntitter reflects approximateiy
3¢ of the main intracavity intensity into the side arm; this loss is sufficient to prevent iasing at
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Figure 2-1. Laser cavity geomeiry. E.S. is a beamsplitier, coated on one side with a 3% reflecting thin film; the
opposite side is used a2 Brewster's angle.

92044-9

the pump power level used, unless the two waves returning along arms A and B interfere
destructively at the beam splitter output (sec Figure 2-1). The resonance condition for the
configuration shown is analogous 10 that of a Michclson interferometerd; since only a smz!!
fraction of the intensity is coupled into arm B, the e{fzet of loss=s in this am is cotrespondingly
reduced, while still mzintaining the frequency-selecting action of the tuning optics. At the same
time, the reduced light intensity in arm B 1m2kes the LiNbO; protorefractive efiect not onservsble
over a period of a few hours. Vith the arracgement of Figure 2-1, tuning can be oblained ower
most of the Ti:Al,0y gain curve, similar to previously reported resuits.S A two-itage electro-optic
filier inserted in arm B causss an increase in lzsing threshold of enly about bW

The timing requirements for the agile beam allow up to I ms for iarge wavclkength shifts,
while smaller jumps withia @ NArrow range must 0C.ur on a mictosccond scale. This suggests the
use of a mixed electro-optic-mechanical approach tc the tuner design, which may simplify the
required optics. One geometry is shown in Figure 2-2; the inseition of a Brewster-angie prism in
arm B allows meckanical tuning by adjusting the of ierication of the end mirror, My For a fused
silica prism, the angular motion required of the mirror {or 2 230-nm tuning range is 0.3°. The
oscillation bzndwidth allowed by the prism-mirror combinaticn is of the order of 2 nanometer
within this bandwidth, the desired wavelength can then be sziected electro-optically. The
advanlage over an all-clectro-optic design is that th: free speciral range requiremcnt for <he
birefringent tuner is reduced by two orders of magritude. Ajthough this has not bzen verificd yet,
it is possible that just one stage of electro-optic turing with sufficient birefringent hias could be
used to select a single cavity mode.

The spzed of response of the mechanical tuning has been investigated. In the experimen’,

mirror My is a small glass flat, S % 7 X 2 mm in size, coated with a reflecting muitilayer and
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Figure 2-2. Combined mechanical-clectro-opiic tuning. D is a position-sensirg -sificon photodiode.

mounted on a galvanometer-type scanner. The time bekavior of the laser wavelength when the
mirror is driven with a step waveform can be determined in the usual manner by sending the
laser beam, afier diffraction by a grating, to a position-sensing detector, as shown in Figure 2-2.
The tuning transicst shown in the upper trace of Figure 2-3 exhibits considerable rnging due to .
the mechanical response of the mirror drive. Beiter damping and faster response time could be
obtained with a galvanometer drive of optimun. mechanical design; howcver, using the
wavelength signal from the position sensor in a simple error-correcting servo loop {Figure 2-2)
alrcady yields a more satizfoctory response, as ~hown by the lower trace ia Figure 2-3.
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Figure2-3. Wavekengthtransient resportse 10 8 squarc-wave drieapplied 1o the tuning mirror. Upper trace: open
loop response. Lower trace: with feeaback from wa rlength-sensing deiccior (Figure 2-2).
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3 5 23 SMALL-SIGNAL GAIN MEASUREMENTS IIi A Ti:ALO; AMPLIFIER
3 3 Small-signal gain measurcments have been made on a Ti:Al,03 amplifier using a CW He-Ne
L_‘ :}; laser or a CW Ti:Al, Oy laser as the signal source. Mrasurcments were made of both single- and
: i double-pass gain. The temporal dependence of the am plified signal as a function of incident
- } pump encrgy density also was measured.
A A schematic of the sctup for gain measurements i3 shown in Figure 2-4. The 532-nm pump
Ti beam (10-ns pulses) propagates perpendicular to the ¢-axis within the Ti:Al,0; amplifier crystal
+
-
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5:1‘5 Figure 2-4. Schematic of the experimental setup for the n easurement of small-signsl dovhle-pass gain in a
o Ti: Al O3 emplifier. A frequency-doubdled Nd: YAG laser serve.! a3 the pump sourceand eitker e CHW fie-Ne laseror
3 a CW Ti:ALO; was used as the signal source. Single-pass mec:uremenis were nrade slong the indiceted path with
ey the 1uning mirrors removed ond the dziector repositioned.
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N with the pump polarizaticn vecior parallel to the c-azis. The signal bzam from 2 CW He-Ne
13 faser (632.8 nm) or a single-frequency, CW Ti:AlLO, laser® (750-850 nm) propagaies aimost
s collinearly (~1° angie) with the pump beam.
2 .
“’f; The Ti:Al;03 ampiifier crystzl was an as-grown sample cut from a boule grown by the
e . . . .
iy gradient-frecze technique’ at Lincoln Laboratory. Tl = length L of this crystal was 2.1 cm. The
- 1.1 X 1.2-cm entrance and exit fzces were polished tut uncoated, and the remaining faces were
roughly polished. The c-axis was not in the piane of the entrarce and exit [aces but was rotated
~11° from them. In order for the directicn of propization of the pump and signal beams within
16
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the crystal to be essentially normal totheo-nxis,!lx'iranghoﬁnddumcmsctw~29°.1'his
configuration inhibited parasitic oscillations between the two faces.

The pump-induced intensity of the signal beam is given by
I(t) = Ig[esO-1] @1

where Ig is the de signal istensity, g(t)L is the time dependent gmall-signal fain, and t=0 i
defined 23 the time at which the maximum smallsignzl gain gL occurs. Figure 2-8 shows the
- exponential gain factor gL as a functior. f incidest pump encrzy deasity By with 2 TEALO;
laser used as the signal source. The lowes curve shows a sngie-pass gain i (ke pelarization
(paraliei to the c-axis) at 790.7 nm. The maximum cxponential grin for the single-pass
amangement was gL = 5.2 with a corresponding power gsin G, = exp{g, 1} =180, Ceoiparing
this with the He-Ne data, we find that the value of g, at 632.8 om is ~1/25 that at 790.7 nm, a
wavelength close to the peak of the gain profile. The upper curve presents data oidained by
double passing the same Ti:Al,O5 amplifier crystal at 799.8 am in (be x polarizetion The
maximum value of gL in this case was 9.2, corresj.onding to G, =}, No parasitic oscillations
were observed in cither the single- or double-pass cxperiment. The siraight lincs in Figere 2-5
were obtained by a linear fit tolhedamwiihthecaxﬂnint&attheypas!kmvghdwmigin.
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From the single-pass gain measurements of 790.7 nm, we can estimate the gain cross section
at the peak of the gain profile. If we assume that all of the pump photons are absorbed by the
Ti¥* ions, the gain cross section is given by o, = (hrp/E )zl where hy,, is the ecergy of a pump
photon. Using by, =2.33 eV, E; =7 Jjem?, and g L = 5.2 for the i polanization at 7%3.7 nm, we
find a, = 2.8 X 1079 cm2. Correcting for the refiection loss of the pump beam at the input face of
the crysial yields o, = 3.0 X 1019 cm?, in agreement with previously published valucs 810

To determine the gain anisotropy betwesn the x ard ¢ polarizations (o is perpendicular to
the c-axis), a hali-wave plate was inserted between the polarized He-Ne laser and the Ti:ALO4
amplifier crystal, and g L was measured as a function of angle 8 between the polarization vector
of the He-Ne laser and the c-axis. The dependence of g L on sin?d for E;=3.7 J/cm? is shown
in Figure 2-6. The data are fit very well by a straight line consistent with the equation
8o = B - (B — Bo)sin?9 where g, and g, arc the gams for the 7 and the o polarizations,
respectively. From this line, the ratio g,/g, is found to be 23.
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Figure 2-6. The gain anisotropy between the and o polaizations at 632.8 nm. The ansie between the
polarization vector of the Fe-Ne leser and the c-axisis 9. The siraight line ixa Lnecr fit of the ders to the equation
80= Bu - (Er - 2551070, The incidens pump energy dnsicy was 3.7 Jeml

The decay of the amplified signai I(t) was measur:d to obtzin the pulse width ¢, which is
defined as the time requircd for the signal density to 10ech 1/e of its value at ¢ = 0. The value of
ty; was found to decrease with increasing pump energy demsity. The data points in Figure 2-7
show this Gecrease for the single-pass experiment at 790.7 nm.

For the small-signal gain regime, in the absence of amplified spontancous emission, the value
of 1y, is given by
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. Figwre 2-7. The observed pulse width 1y, at 790.7 nm as a fction of nciden: pump energy dessity. The iime
[ recuired for the signal intensity to reach 1fe of its vadue at £ = 0 is defimed a3 1, . The data ere indicated by the

circles, while the solid line is given by Eguation (2-2}
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tyye = rinfgoL/lnf(S - D= + 13 @2
: where r is the sportancous lifetime at room temperture. The solid iire in Fizize 2-7 was
caleuluted from Equation (2-2) by using the finted st gle-pass values for g L in Figure 2-5 and the

3 published value® of 3.15 ps for 7. The measured values of ¢ lie uelow the calculated line,
2 probably as a result of amplified spontaneous einies on.

K7, Wall RL. Aggarwal

R.Z. Fabcy AJ. Strauss
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24 LIDAR OBSERVATION OF THE EARTH'S SODIUM LAYER

o TV
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i

A layzr of atomic sodivm vapor naturally occus al 2a altitude of S0 km zbove the carth’s

E surface. This sodium vapor has a peak density of | 13 10 10# atoms per cubic cenlimeier over a
2 10-km. 2titude range and is believed to be deposite! into the atmoschsre by metecric ablation !
ﬁ’ The spatial and temporal characteristics of this laye: have been studicd extensively by resonantly

backsczitering pulsed-dye-laser radiation fiom the sodium layer.!2 These studies have shown that
the sodium layer is a convenient medium for the irvestigation of uppzr-2imosgheric waves. 13
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For some applications, such as a shuttle-base! lidar system,14 the use of dye lasers is
inappropriate. By sum-{requency mixing the output of two Nd:YAG lasers, we have generated a
new source of sodium-resonance radiation!S that has several poienual advantages over dye lasers.
These advantages include greater high-power relability, better beam-pointing stzbility, near
diffraction-limited beam quality, and the requisitc tzmporal and spectral properties consistent
with efficient use of ihe available sodium atoms.

The sodium-resonance radiation has been gererated by sum-frequency mixing the output
radiation of two simultanecously Q-switched Nd:YAG lasers, one operating at 1.064 um and the
other operating at 1319 wum.!5 The Nd:YAG lase:s both were operated at a pulse repetition rate
of 1 kHz with pulse lezgths of about 150 ns and average powers of about $00 mW. The sodum-
resonance radiation was generated in a crystal of lithium nicbate and had an average output
power of about 400 mW. a pulse length of 190 ns. and a spectral range of 2 GHz. Figure 2-8 is 2
schematic of the sodium-fluorescence-detection apparatus. The sodium-resonance radiction was
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Figwre 28, Schemalic of 1 sodi sm-fluorescence-driecion aLparalus.

transnutted into the atmosphere coaxially with tae diteciion of the receiving telescepe whick was
oriented 1o zenith. This telescope had a~ zsestuic of 383 cm? 258 a fed-of-view slightly larger
than the {-mrad divergznce of the output sodiur -resonance rzdizton beam. Tae radiation
backscatteree: by the cz-ih's atmosphere was col rcted by ths t:lescops and passed through a
0.5-nm-baadwidth interference fiiter and poianucr. This fadiation then was inzzed onto the



10-3-cm? photocathode of a photomultiplier tube. The photomuitiplier counts were recorded by a
multichannel scaler as a function of the clapsed time after the sodium-resonance radiation was
transmitted into the atmosphere.
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Figure 249 shows the signal reccrved from the earth’s upper atmosphere. The signal at early
times results from Rayleigh scattering in the ainosphere, while the peak at 60D us corresponds to
rescnant backscattering from the sodivm laver. These data were taken by integrating all the
pbotocouats rectived over a one-haif-hour tim: span durirg the eveaing of 25 August 1987. By
using a cocled large-arca-phetocathode photonieliplier, we hope to achicve noise levels similar to
these produced by the small-area-photocathod: shotomuliiplier, and also to achieve much higher
signal levels with  less alignment-sensitive detocior.

T.H. Jeys
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31 RESIDUAL INFRARED ABSORPTION Ili TiALO; CRYSTALS
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The performance of TtA%LO;5 lasers is impairsd generally by an infrared absorption that
occurs in the laser outpul wavelength region. On :he basis of data for as-grown acd annealed :
samples cut from Ti:Al,O; crystals grown by the sertical-gradient-freeze (VGF) technique, we ‘
: previously proposed! that the residual abeorption is due to Ti3* - Ti#* pairs. In this report, we
- \% present additional data that confirm this ion-pair model for the residual absorption, which can be i
y attributed 1o excitation of the 3d electron of the Ti¥* ion perturbed by the Coulomb field of the
neighboring Ti** ion and/or an associated Al vacancy.

T

T bt

T

We have reported! that annealing as-grown VGF Ti:Al O, crystals at high temperatures
(=1600°C) in a reducing atmosphere (an Ar-Hj niixture) decreases the residual absorption
without significa.tly changing the main absorption due to Ti* ions, which peaks at about
490 nm, while annealing in an oxidizing atmosphere (an Ar-O, mixture) increases the residuzl
absorption and simultaneously decreases the main absorption. The decrease in the main
absorption, which also was observed?# in carlier 2xperiments on Ti:AlLO5 crystals grown by the
Czochralski method, results from the oxidation of Ti3* ions to T:* jons. It is probable that an
Al vacancy is formed for every three Ti3* ions converted into 174 The oxidation reaction is
reversible, since annealing oxidized samples in a reducing atmosphere restores the main
absorption.24

If the residual absorption is due to Ti** - Ti** pairs, the absorption cocflicient a, at a given
wavelength in the residual absorption band will t: propertional to the concentration of these
pairs and thercfore to the product, [Ti*YTr**}, of the T¥* and Ti** concentrations. We bave
established that the absorption coefficient o, at tlie peak cf the main absorption bard in
Ti:Al,O; is proportional to [T¥*]5 If anaealing sesults only in the conversion of Ti* ious to
Ti%* ions or vice versa, without changing the totz] ~oncentration [Ti] of these ions, then
[Ti#*] = [T1] - [T¥*']. This difference is proporiional to (g, - ay), Where a, is the value of oy
when all the ions are in the T3¢ state. In this care,

a,=Ca la,-ay) G-n

where C is a cotstant. According to this expression, a, = 0 when ap, =0 or ap, = a,, L.¢., wken
the Ti ions are either ail in the Ti%* state or all i1 the Ti3* state.

Frora Equation (3-1), »
a,/ay = Cagla, - ap} . (3-2)

Equation (3-2) c2n be used to determine C and ¢, from data for a, as a fuaction of ap, for
samples with constant [Ti], siace a plot of a, ey vs &y will be a straight line with sicpe of -C
and intercept of o, on the a,, axis.

i M e fa cmc w m e m e e = = si= = e e = o+ .+ = a4 - Lo i e e t. mrteeicmememm-= e-s Aarw s scetevamee-Siss =



Equation (3-1) may be rewritten as
a=C(1-B)Bl}, - | (33)
where B = ag,/a, = [Ti*}[Ti}, the fraction of the Ti ions in the Ti3* state. For a series of
samples with constant § but different values of [Ti}, according to Equation (3-3), a; varies
quadraticaily with ap,. For a series of samples with constant {Ti], the maximum value of ay is
obtained for 8= 1/2, when [Ti>*] = [Ti**}
afmax) =(1/4) Cod . (34)

To test the validity of the Ti3* - Ti4* model, we hav: measured the dependence of @, on ay, for
samples with different values of 8 but the same value of [Ti]
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The cquilibrium oxygen stoichiometry of Ti:Al; O3, and therefore the equilibrium value of B,
is determined by the temperature and the O, partial pressure in the ambient gas phase. Changes
in stoichiometry during annealing takc place by the diffusion of crystal defects (probably the Al
vacancies) into or out of the solid. Uniform samples with various B values can be obtained by
annealing in controlied atmospheres 2t a temperature where the diffusion rate is high enough for
equilibrium with the gas phase to be attained in a practical time (hours or days), then cooling
rapidly to quench in the high-temperature stoichiometry. If the annealing time is too short,
howcever, the sample will exhibit a gradient in B in the direction normal to the surface. Figure 3-1
shows the results of measurements on such a nonequilbrium sample, which was obtained
fortuitously when an as-grown VGF sample was annealed at 1600°C in an Ar-0O, atmosphere. As
shown schematically in the inset of Figure 3-1, the exterior of the sample was colorless, while the
interior retained the characteristic piak color of Tit/Al,03. The transmission through the long
dimension of the sample, which was perpendicular to the c-axis, was mezsured for a TeALO;
laser at 763 nm and for an Ar-ion all-line laser, each focused to a spot size about 259 um in
diameter. By making measurements in the = polarization at diffcrent poiats along the mid-line of
the end face, pairs of a, and ay, valees were determined for different vaives of B but the same
value of [Ti}. These data yild the plot of a, vs a, shown in Figure 3-1, which has the parabolic
form expccted for the Ti¥* - Ti** model. The same lata have been used to obtain the plot of
a,/any Vs ay, shown in Figare 3-2. The points fit a straight line, as predicted by Equation (3-2),

Fo 3 thus confirming the Ti3 - Tit model for the residual absorption.

A R.L. Aggarsal  R.E. Fahey
A. Sanchez A.J. Strauss

x M.M. Stuppi

32 PtlIr SILICIDE SCHOTTKY-BARRIER IR DETECTORS

To fabricate Schottky-barrier infrared (IR) detcctors, a siticide-St Schottky diode is formed
by depositing a noble metal fiim on a p-type Si substrate, then annealing to convert the metal to
the corresponding silicide by reaction with the substrate. Platinum silicide (P1Si) detectors have a
barrier height of 0.22 ¢V zad a cutefl wavelength of ~5.6 zm6 Imager arrays containing more
than 250,000 detector clerments have been demonstrated.”
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Fizure 3-2.  Plot of apfam vs an, obtained from daig o f Figure 3-1. Values of C and ap determined from the
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There is strong interest in extending the response of Schottky-barrier detectors into the
spectral band from 8 to 14 um. Iridium silicide photcdiodes have the potential for achieving such
an extended response, since barrier heights of 0.125-0 152 ¢V, corresponding to cuioff wavelengths
of 8-10 um, have been measured?10 for such devices. However, ir silicide detectors have poor
diode characteristics and low quantum efTiciencies, and their characteristics are not reproducible.
These properties are explained by the poor quality of the silicide-Si interface, which can be
attributed largely to the fact that Si s the dominant -liffusing species in the reaction between Ir
and Si.!! During this reaction, therefore, native oxid: or other contaminants initially present on
the substrate surface will remain at or near the interfice. Furthermore, Ir tends to react with the
native oxide to form Ir oxide, which can form a diffusion barrier that impedes the formation of
Ir silicide. In contrast, Pt is the dominant diffusing specics in the reaction between Pt and Si.!2

In this report, we describe the performance of siiicide Schottky-barricr detectors formed by
successive deposition of Pt and Ir films. These Pi-Ir Jevices have significantly better diode
clectrical characteristics and quantum efficiencies than Ir-oaly control devices, and their cutoff
wavelengths reach 9 um. Fusthermore, the properties of the Pi-Ir diodes are uniform from wafer
to wafer and reproducible from run to run.

Devices were fabricated on p-type (100) Si wafers with a resistivity of 30 f cm. Figure 3-3 is
a schematic cross-sectional diagram of the device stricture, which incorporates a p* substrate
contact, a silicide electrode, and an n-type guard ring around the periphery of the silicide to
suppress edge leakag:. The silicide was formed by scyuential electron-beam deposition of a Pt
film 5-10 A thick and an Ir film 10-20 A thick, foilowwed by furnace annealing at 4¥3-506°C in Ny

zmbient. To prepare contre! devices, only a single layer of eitker Pt or Ir, ~20 A thick, was used.

Pt-ir GILICICE

"g’ p S (10
Phit

IR RADIATION

283268-1

Figure 3-3. Schematic stnxcture of silicide Schotiky-ba:rier infreved detector with Pi-lr silinde electrode.

The devices were mountad in black ceramic packages with a throughhole to expose the Si
substrate for optical characterization. Figures 3-4(a) and 3<4(b) show forward ang reverss diode
characteristics measured at 77 K for P, ir. 2nd twe Ptlr Jesices. The totzl thickness of metal
deposited, ~20 A, was approximately the same for .11 devices. The Pt and Pt-Ir devices have
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Figure 34. (a) Forwcrd and (b) reverse current-volisge charocteristics af 77 K for P, Ir. and Pr-Ir silicide
Schotiky-barrier diodes.

good forward characteristics with pear-urity ideality factors. while the Ir device has a high, ill-
defined ideality factor and high series resistance. Ail four devices show gocd reverse
characteristics with breakdown voltages exceeding 50 V, bui, with increasiag reverse bias, the
lezkage current increases more rapdiy for the Ir device than for the oders. The Schostky barier
beights deduced from the diode saturation current densities at 77 K are 0.220, 0.188, 0.163, ard
0.160 eV for the Pt, Pt{10 A)/1r(10 A), Ir, and Px(5 A)/Ir(15 A) devices, respectively.

The detection of radiation by silicide Schottky-barrier devices takes place by the process of
interzal photoemission. Photons incident on the Si substrate are transmitted through the Si and
absorbed in the silicide, where they produce clectrea-hole pairs. A photocurrent is generated
becawse a certain fraction of the holes with energics exceeding the barrier height at the silicide-Si
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interface are emitted into the Si. The detector responsivity R is generally given to a good
approximation by!3

AY )2
124 '
where C; is the emission coefficient (in eV-1), ¥ is the barrier height (in ¢V), and A is the
wavelength (in gm).

R=C| (l—

For the devices of Figure 3-4, we have measured R at a series of reverse bias voltages
between 0 and S0 V over the wavelength range from 1.3 to 6.0 um. Both R and the cutoff
wavelength increased slightly with increasing bias. In Figure 3-5, the values of R measured at 2
reverse bias voltage of 50 V are plotted against A for the Pt, Ir, and Pi(5 A)/ir(15 A) devices. The
solid curves in Figure 3-5 were calculated from Equation (3-5) by adjusting the values of C; and
@ to give the best fit to the data for the longer wavelengths. For the Pt device, Cp = 0.23 eV}
and the cutoff wavelength A_ =1.24/¢ is 5.9 ym. Thz high C, value indicates that both the PASi
layer and the PtSi-Si interface are of excelient quality. For the Ir device, the C; value is redwoed
by"a factor of almost 8, but A, is increased to 8.4 um. For the Pt-Ir device, A, is further
increased to 9.2 um, and C; is about three times larger than the value for the Ir device.

The experimental data of Figures 34 and 3-5 show that deposition of an extremely thin Pt
layer before deposition of Ir yields Schottky-barrier detectors with much better electrical
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Figure 3-5.  Responsivity &5 a function of waveleng:h Sor Pr, I, and Pr-lr slicide Sckatky-barrier detericrs.
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characteristics and quantum efficiencies than those o the control Ir devices. These changes can
be sitributed to improvemants in the material quality of both the silicide-Si interface and the
silicide film that occur because the Pt layer reduces the effect of mative oxids and otker
costaminants initisily present on the Si surface. The value of & for our control Ir detectors is
somewhat hizher than the lowest reported values,5.!% probably because the materisl quality of
these Getectors is not as good as the best obtained previously. For the PS A)/15(15 A) datectors,
v is slight’y smaller than the value for the control Is devices. For the P10 A)/Ir(10 A} detectors,
¢ is somewhat larper than the value for the control Ir devices, but remains well below the value
for the control Pt devices. It appears that the impro-ement in material quality obtainsd by using
Pt tends to decrease ¢, while incorporation of Pt in the silicide film tends to increase y.

B-Y. Tsaur
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4. MICROELECTRONICS

4.1 NEW MBE BUFFER FOR MiCRGN- AND QUARTER-MECRGN-GATE GoAs MESFETs

A new buffer layer has been developed that eliminates beckgating in GaAs MESFETs and
substantiaily reduces short-ch:annel effects in GaAs X ESFETSs with 0.27-pm-long gates. The new
buffer is grown by molecuiar beam cpitaxy (MIE) a1 a sebstrate temperature of 200°C using Ga
and Asg beam fluxes. The buifer is crystalline, hizhly resistive, optically inactive, and can te
overgrown with high quality GaAs. GaAs MESFETs with a gatc length of 0.27 pm that
incorporate the rew buffer show improved dc and RF properties in comparison with a similar
MESFET with a thin undoped GaAs buifer.

To demonstrate the backgating performance improvement afforded by the new buffer,
MESFETs were fabricated using a number of differext buffer layers and structures.! A schematic
cross section of the MESFET structure used in this «tudy is shown in Figure 4-1. The measured
gate length, gate width, and source-drain spacing of this devicz are 2,93, and 5.5 gm,
respectively. An ohmic ci.tact, isolated from the MESFET by mesa etching, served as the

) 3¢
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Fiztee 4-1. Schematic cross sezticn of the MESF IT structive used 1o meassre backzating. i
sidegate. The MESFETs were fabricated iz 24BE n-GaAs layers grown upon the acw buffer and ‘
alsoin MBE n-GaAs layers grown upon tulfcr layers of undoped GzAs, AiGaks, and Gads/

AlGeAs sunerlaitices. All the buffer layers were grewn by MEE and are 2 gmi thick. The active

2 layer is doped to approximately 2 X 1017 cm-3 with :ilicon and is 0.3 um thick. MESFETs also ¥
o were {abricated in commercial vapor phase epitaxy r-GaAs lzyers deposited on semi-insulating ‘
N (SD) GaAs substraies and on layers made by direct i/n implaatation into the SI GaAs substrates.

The gate rccess depth is roughly haif the active layer thickness, and mesa etching wes used 1o

i jsolate the devices. The ohinic contacts are alloyed Mi (or Pd)/Ge/Au, and the Schottky contact ;"
; is Tif Ac. p
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The most dramatic improvement in device performaice provided by the new buffer is the
eliminztion of backgating, as illustrated by Figure 42! ‘The normalized 1., is plotted versus the
applied backgating voltage Vgg- A sidegate spaced 50 um from the MESFET and Vg =25V
are used. Data oblained both in the dark and in white light are shown. The lines in the {igure
are included only s a convenience in visualizing the data.

L} B T
1 g B i BT S e g ST S S S TR b NEW BUFFER _
|
i J
N -~ ‘
S
08— ~<0 TT——Ow._ UNDOPED MBE .
-~ ~ — Gaks/Alg 45Gan s5AS
- ~ ~ 04" TO0C SUPERLATIKE
Ei’" 06— |
: > 2 N
2= ~ |
@ = 8 o
| 27 os UNDOPED MBE |
| bl 580°C GaAs
i ! | ;
: o = UGHT K
’ o2} ] "2
x: Vos =25V i2
! - SPACNG =50 pm -
‘ X 7
! ! 1 8 A
° i -20 -30 1 5
BACKG ATING VOLTAGE (V) ] &

Figure 4-2. Backguting charocteristics: rew MBE buffer. undoped GaAs. buffer. and
undoped superlattice buffer. The solid hnes indicate the results obsained in the derk end the
dashed lines in rhe Light.

e 34 l'= A‘E C‘Efa

Figure 4-2 compares backgating MESFETs fabriczted in active layers on the new buffer with
backgating in MESFETs fabricated in active lzyers on an undoped GaAs buffer and on an
undoped Gahs/ Al 45G2g <sAs supcrlaitice buffer grows by MBE at 705°C. Both GaAs- asd
superiattice-buffered devices show backgating and light sensitivity, while the device with the new
buffer shows neitker. Although not shown here, MESFETs fabricated using ail of the other
bufiers show light sensitivity and backgating. Of the alizrnative buffers, the AlGaAs and

superlattice buflers grown at 700°C appear to be the best. 1

¥

Although the data preserted in Figure 4-2 were obtained using a sidegate spaced 50 pm .‘r:

from the MESFET, a sidegate spaced 5 um from the MESFET al.. -vas used. For -50 V ;\

applied to this sidegate ard Vg, = 2.5 V, the new buifered device suit showed no backgating. _’3
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For the same voltage, Iy, of the superlattice-buffered MESFET was reduced by 505 and the
GaAs-buffered devices destructively broke down.

Several of the short-channel effects noted in the iniroduction were reduced substantially by
using the pcw buffer in a 0.27-um-gate-length MESFET. Figure 4-3 shows a top view of the
MESFET used in this study. Figure 4-3(a) is aa SEM photograph of the entire device and
Figure 4-3(b) is a magrified view of the gate region. T:e MESFET has multiple gate connections
to minimize gate resictance, and the segmented source i3 connected by air bridges. The gate was
defined in a single layer of PMMA using electron bears lithography. The measured gate length,
gate width, and source-drain spacing are 0.27, 200 and 2 pm, respectively. All of the following dc
and RF measurements were made on this device.

Figiwe 43. SEM photographs of the 1.27-gm M SFET: (a) top view of the devicz, end
(b) magnified view of the gase region.

In Figure 44 are shown schematic cross sections of 0.27-um MESFETs made with the p:®
buffer and also with 2n undoped GaAs buffer. The starting material is SI GaAs and all epitaxizl
layers were deposited by MBE. The device with the uadoped GaAs butier has a 3306-A-thick
buffer layer, a §200-A-thick active lzyer doped to 6 X 1017 cm? with silicon, 28d a thin heavily
doped n* Gas cap layer doped to 2 X 1013 cm™3 with silicon. The device with the new buffer
layer has a l-zra-thick buffer, a 100-A-thick undoped GaAs region that has 2 planar (impulse)
doping of silicon halfway through it, a 1200-A-thick :ctive layer dop=d to 6 X 1017 cm? with
silicon, ang a thin n* cap. The silicon planar doping of 4.8 X 1012 cm-2 is inctuded in the device
with the rew buffer to increase the transconductance gy, near pinch-off. The gates are ruczised to
a depth that yieids the same drain-source current for both devices, and mesa efching is used for
device isclation. The ohmic contacts are 2'loyed Ni/Ci¢/Au and the Schottky cuntact is Ti/ Au.

Improved RF performance of the 0.27-um MESVET incorporating the new buffzr also has
been cbserved. The maximum frequency of osciliation (f,y) anrd unity current gain frequency
(f) have been calculated from the measured scattering parameters and are shown in Table 4-1.
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Figure 4-4.  Schematic cross sections of the 127-um MESFETs: (a) new MEE bidler. end

(5) undoged GeAs buffer.
TABLE 4-1
Summary of RF Results
0.25-xm MESFETs
Propartiss Undeped MEE Mew MEBe

Goss Guffer Buffer
Maximum Stable {dB) 104 120
Gain at 26 GHz
fr (GHa} 26 28
 F. (GHz} 80 91

The maximum stable gain (MSG) at 26 GHz fcr the new MBE buffered device ts 12 dB, and
f.,, and fy are 91 and 28 GHz, respectively, for the new MBE bufiered device. These results
were measured for V4, = 2 V and did not cha:ge appreciably for Vg5 Up 10 & V. These values
of MSG, f,,, and fy for the MESFETS using the new buffer are significantly better than these
measured on comparable MESFETs using an undoped MBE GaAs buffer and 2-¢ among ihe
best we have mezsured for MESFETs fabricated by the same process with a2 gate lenzth of 0.27 pm

F.W. Smith L.J. Mahoney
A.R. Calawa M. Manfrz
C.L. Chen
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42 ADVANCED DEVICE FABRICATION WITH ANGLED CHLGRINE
ICN-BEAM-ASSISTED ETCHING

Angled ion-beam-assisted etching (IBAE) has been used in conjunction witk a variety of
lithographic techniques to produce structures in 3aAs and GaAlAs with controlled sidewall
geonzetries. We currently zre utilizing this technclogy to fabricate vertical FETs, resonant
tunneling transistors, surface emitting laser arrays and quantum-wire stroctures.

The basic chlorine IBAE and angled chlorine IBAE processes and equipment have been
described elsewhere.24 For this work, we adjustcd the system operating paramesters to give a
normak-incident etch rate of 40 to 50 nm min'! in GaAs. We operated the system with a 500-eV
argon ion beam at a curreat density of 0.02 mA cm-2, which gave an argon ion beam pressurc
of 0.1 mTorr at the sample surface. The chiorinc beam pressure at the sample surface was
28 mTorr. With these parameters, the normal-ircidence etch rates for Al,Ga) ;As with x from
0.08 to 0.80 were 40 nm min-! to within 10%. No roughness was observed at GaAs-AlGaAs
heterointerfaces. The masking materials were baked AZ-1470 photoresist, pyrolytically deposited
phosphaosilicate glass and evaporated nickel The respective etch rates for these matenals were
4.7 om min!, 1.2 nm min’!, and 0.4 nm minl.

The technigue was used to fabricate a monalithic two-dimenszonal GaAs/ AlGaAs laser diode
array with light emission normal to the surface. Tuis was accompished by fabricating an array of
edge-emitting quantum-weil double-heterostructure lasers with deflecting mirrors adjacent to the
laser facets.S A lzser array is shown schematically in Figure 4-5(2). The first step in the
fabsication of the array was to etch the faser facets. With photoresist as an etch mask, chlornine
IBAE was used to ctch pairs of strzighit-sided grooves which were 2 pm wide and about 3 um
deep and were perallel 1o the (811) cleavege plase. The outer facets of ezch pair of grooves act
as the mirtors for the rows of laser cavities, which are 250 pm long. Lines about 3 pm wide
immediately adjacent to the inside edge of one f the etched grooves in cach pair then were
opened in a new layer of photoresist, and paratolic defiectors for onc side of cach laser row
were formed by coatinuously varying the it angle during etching to form defiectors. The
deflactor mirror for the other side of each laser row was tLen formed in a similar manner.
Further details of the processing are contained in Reference 4.

Arrays consisting of 20-30 laser clements ware cleaved from the waler, mounted for testing
and evaluated during pulsed (100-ns pulses, I-kiiz repetition rate) operation. Figure 4-5(b) shows
the pear-field pattern of a 22-clement array con isting of two rows of 11 laser clements bondad in
paraiiel. The middie spots are actually a combiration of the outputs from one end of a laser ia
each row and therefore appear larger than the cutside spots. The threshhold current for the
entire array was about 3.5 A, correspondicg to zn average threshhold current for each laser
element of about 160 mA. The differential quartum efficiency was about 15%. The peak outpu
povwer was [.6 W at 103 A.

The fabrication of titrasmall GaAs-bzsed s:ructures has progressed rapidly in the past
several years. We have used masked ion becam lithograshy (MIBL) in combination with angied
chiorine IBAE to produce structures in GaAs with dimensions jess than 10 nm.87 In our

35
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Figure 4-5. (a) Schematic diagram of a nonolithic sudface-emitting two-dimensioncl
GaAsf AlGaAs Lxser dicle array, and (bj ne..r-fueld patters of a typical array.

approach to fabricating such structures, MIBL s first used to pattern submicrometer features in
a PMMA layer that has been spun on a GaAs ;ubstrate, and metal evaporation asd lift-off is
used to transfer the developed PMMA patterns to a metal etch mask. An initial chlorine IBAE
ctching step then is performed, creating feature: such as columns in the substrate, the metal mask
is removed, and the columns are thinned with : ngled chlorine IBAE. To demonstrate the
technique, we have patterned a Ni etch mask consisting of 80-nm-wide by 1.8-pm-long
rectangular boxes on a GaAs substrate, etched ihe substiate approximately 0.5 um deep to form
columns, removed the mask. and then thinned ‘he columns to widths of less than 10 nm.

Figure 4-6 is a schematic dizgram that illustrates the thinning process. The technique ctches
smooth facets in layered GzAs, AlAs, and AlG1As structures without modification ard is
therefore useful for fabricating quantum wires ::ad boxes from GaAs/AlGaAs quantum-well
layers for optical studies.
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Figwre 46. Schematic diagram ilkotrating the i wo-step process for fabricaiing nanometer-
size structures such as quancwm wires. Afrer the initial exch, the mesking layer is removed
and & second arxled etch is used to thin ihe coumns.

Figure 4-7 shows SEM micrographs of the structures produced in GaAs with the technique.
Microgreph {(a) shews th: 80-nm-wide structures re.ulting from the initial normal-incident
chlorine iBAE etch, while micrographs (b}, (¢}, anc (d) skow the results of angle etching the
columns shown in micrograph (2) for 1.0, L5, and 2.0 min. The resulting columns have widths of
40, 22, and 9 nm, respectively. As chown in the micrographs, the sidewalls of the columns are
fairly smooth. The columns of micrograph (d) are -0 thin that some of the electrons of the SEM
pass tirough them to imzge the substrete on the opposite side, giving the columas 2 ghostly
appearance.

A high sperd resonzat tunncling trapsistor has been proposed by Sollner ef al® The
transistor consists of 3 double-barrier GaAs/AlGasis resonant tunneling structure with ohmic
contacts on both sides of the structure and #a ohniic or Schottky karrier contact to the
4-nm-thick resoaaat well for controlling the current through the device. The major problem in
the design of the transisior is making costact to the 4-nm-thick well. Angled chiorine IBAE in
combinztion with molecclar beam cpitaxy (MBE) might faciiitate the fabrication of such a
transistor. Figure 4-8 shows a scheme for makiag such ¢ device. As shown in the figure, angled
chlorine IBAE would be used to form a set of fingsrs w 5 an angled wall siope. After the fingers
are defined, MBE would be used to grow a resonant tunncling structure over them. Depending
on the sidewsll angle and crystailegraphic directio 1, a double-bammier resozant tenneling structure
would be grown over the fingers, with the thin ba:riers ard well for the device placzd on the
sidewall and thicker barriers and well for the contct placed on the herizontal surfaces. The

37

e S+ R o i gl 3 O



i bk

i

92044-33

Figure 4-7. SEM microgrephs showing (a) &-nm-wide columns resultixg from a normal-
incidernt chlorine 1BAE etch. and (B} (c) and ( i} the resadss of angle eiching tse 80-nm-wide
columns of micrograph (c). The cokumns in micregrephs (b} (c), and (d) were esched for 1.0,
1.5, and 2.6 min, respectively, end bave respe.tive wictks of 40, 22. end 9 nm.

angle of the sidewall would be selected 1o enhance the growth rate difierence between the
horizontal and sidewall surfaces and ensare the ghility of MBE to incorporate Si with lew doror
compensation on both growing surfaces.3 10 We, ss well s cthers, have been able to grow
quantum wells with MBE that foliow the surface morphology of wet-ctched channels. 112 Since
chlorine IBAE is primarily a chemical process with much less surface damage than reactive ion
ctching, we have been able 1o grow over planar viched eerfaces with MBE after a minor cleanup
step. Figure 4-9 shows a sketch of a finger-type 1csonant tunneling structure along with several
SEM micrographs of an etched set of fingers.

The angled chlorine IBAE techniqus also lerds itwelf to the fabrication of vertica! FETs.
Although several groups have attempted vertical FETs in the past, the angle chlorine IBAE
technique has not been employed.!315 Figure 4-10 shows a sketch in cross section of such a
transisior. The contact techniques are similar to those of the resonant tunneling transisior. The
trimming of the device 1o adjust the pinch-off vciiage is performed by an angled etch that
recesses the gate. '

The above examples demonstrate the versatitity of aagled chlorine IBAE as an advanced
device fabrication method in the GaAsi AlGaAs matenals system. The ability to control the

L ——————
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Figure 4-8. Schematic disgrem showing a scieme for conaning the quennan well of a
resoncu hwowscling tranzistor. Tke key fabrievion steps inckede an angle etch, MBE
overgronth, top contect 15alow evaDCIaLION, 123CTIVe 0K esching or second chlorize IBAE
to open the well conisct, exd well comact evxrorgiion

direction of etching in this materials system provides another parameter that can be used to
optimizs device performance. The technique is ralatively straightforward to implement and the
equipment can be constructed from off-the-shelf items.

W.D. Goodhue  M.A. Hollis
S.W. Parg J.P. Donneily
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Figure 9. Schemaric diagram of the Dproposed resonart tusnelmg mansistor with SEM
microsraphs showing the finger structure afer cngled chinime IBAE As shown in the
micrographs, @ comperid angle o was vsed ab to cid in cortact colasion
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Figwre 4-10.  Schematic diazram of the proresed verticel F. KT In this device. the pinch-c'f
voliage is adjined wih angied etchung before U - gates ere applsed.
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43 SWITCHED-CAPACITOR FILTERS

The most recent design of the SAW/FET wideband programmable transversal filter,
described in detail in previous reports,}6-28 incorporses switched-capacitor lowpass filters at cach
tap to reduce undesirable imermoduiation products gurociated with the programmicg waveform
update rate. ,
A scbematic diagram of a switched-capacitor filisr (SCF) is showa in Figure 4-11(2). If the
switch is toggled at a frequency of f, then the switch and C, wiil approximate a series resistor
with & resistance value of (CjL)y!, and the £iter will have a cutoff frequency of Cyf/2mCy. The :
switch can be realized as shown in Figure 4-11(b) by two MOSFET transfer gates driven by ;
nonoverlapping clocks ¢; and §,. i

& ¢

[
- I~ I L leLl
I R FTC"T T

—
) f; Z C >> ¢
*3 [ {a) (™)
¢
E: Figure 4-11. Switched-cepacitor lowpass filt>r. (a) Comeeptual represesiation. ((J]
= Reclization with MOSFET transfer gaies cowiroi =il by rosoverlappixg clocks.

§ : A test structuse for this filier wes incladed on cach FET chip. The response of one of these
structures is shown in Figure 4-12 along with the resalt of SPICE simulations performed while
designing the chip. The measured response is in quzlitative azreement vtk the simulation,
altbough the input amplitnde and frequency were not the szme for the simelation as for the
measured response. The ciock feedtkrough sezn on 'oth the siznulzted and the measured

o

N G A

# waveforms is caused by charge stored on the gate of Qq and can be reduced by making C; and
% C, larges, by reducing the gate arca of Qg or by a combinztion of the two.

x? Testing of a SAW;FET with an SCF integrated with each of the 700 sense fingers has

% shown a 3-dB reduction in spurious intermodulatior products. Some additional improvemert in
s»} performance may be obtained by optimizicg the SCF characteristics through refinement of the
t«g switching rate, duty cy<le and capacitance ratio.

&)

"? D.L. Smythe

¥ V.S. Dolat

2

T
2 e B

4]

- .
RPN

- -

PRAFRAEE N R

{_K':w:;



e L e A T E Y S S it e % e m DT S e g e el VS T e e e e P B s R N

R b it ke W A

i
i
H
{

. Ol

{a) BEASURED RESPOKIE

A e -

N ,

L\H.

s

“Aa '

(b} SPICE SEAULATION

92044-39

Figure 4-12.  Step response of the switched-capa-itor filter a3 a clock frequescy of | MHz.
(a) Measured rezpoese a1 an update raie of 15 ws (b) Calcidated response at en wpdaie ra1e
of 30 ps.

T M)

%

."'
PN

42

-

fs 7

. I IR XL Al
e T 4

e o h AT AT AT A AT AT D T TN L P R AR A S e e T S e T Y e TR A XIS S wnd



P £ o S N P BN T SR a T “ - . .
[T e e ey AT RS € e N A e T 3 A T S e TR I S st 0 e g A A P B e TR VAR T e [

REFEREN(ES

1. F.W. Smith, AR. Calawa, C.L. Chen, MJ. Mai fra, and L.J. Mahoney, submitted to IEEE
Electron Device Lett.

2. M.W. Geis, G.A. Lincoln, and W.J. Piacentini, J. Vac. Sci. Technol. 19, 1390 (1981).
3. G.A. Lincoln, M.W. Geis, S.W. Pang, and N.N. Efremow, J. Vac. Sci. Techool. B 1, 1043
(1983).

4. W.D. Goodhue, G.D. Johnson, and T.H. Windbsn, in Gallium Arsenide and Related
Compounds 1986 (Inst. Phys. Conf. Ser. 83, Brit!ol, England, 1987), p. 349.

5. J.P. Donnelly, W.D. Goodhue, T.H. Windhorn, R.J. Bailey, and S.A. Lambert, submitted
to Appl. Phys. Lett.

6. J.N. Randall, D.C. Flanders, N.P. Economou. J P. Donnelly, and E1. Bromky, J. Vac. Sci.
Technol. B 3, 58 (1985).

7. W.D. Goodhoe, S.W. Pang, G.D. Johnson, D.K. Astois, and D.J. Ehrlich, submitted to
Appl. Phys. Lett

8. T.CLG. Sollner, H.Q. Le, C.A. Correa, and W.D. Goodhue Proc. IEEE|Comell Conf.
Advanced Concepts High Speed Semicond. Dev-ces end Circuits (IEEE, New York, 1985),
p. 252

9. DL Miller, Appl. Phys. Lett. 47, 1309 (1985).

10. W.L Warg, E.E. Mendez, T.S. Kuas, aud L. Eraki, ArplL Phys. Lewt 47, 826 (1525).

11. . Mannoh, T. Yuasa, S. Naritsuka, K. Shinoz:Yi, and M. Ishii, Appl. Phys. Lett. &7,
725 (1985).

12. E. Kapon, M.D. Tamargo, and D.M. Hwang, £.ppL Phys. Lett. 59, 347 (1987).

13. U. Mishra, E. Kohn, and L.F. Eastman, in Jate-national Eleciron Device Meeting Technical
Dig., p. 554 (1582).

14. R.C. Clark, H.C. Nzthanson, J.G. Oakes, and ¢;.T. Hardison, IEEE Trans. Electron
Devices ED-19, 1709 (1982).

15. W.R. Frenskey, B. Bayraktarcgla, S.E. Campbe, H. Skih, and R.E. Lehmann, IEEE Trans.
Electron Devices ED~32, 952 (1985).

16. Solid State Research, Lincoln Laboratory, MIT (1986:1), p. 47, DTIC AD-A176057.
17. Solid State Research, Lincoin Laboratory, MI1 (1386:4), p. 53, DTIC AD-A182215.
18. 1id State Research, Lincoln Lzboratory, MIT (1987:3), pp. 63-65.

LA AN AL LIS ML CLL A SNAMNOSUYS . SETEREEIRED - SENOCROIA . SRR | ERINDEIIR L *

43

[of B NOSLP LT b o

)

r,,

i

E ;
M
p

J T L . e Cal m ry et e e raime ™ . - - . e . “ - -
VRSV WA SN L I I L P R0 ORI Cr T A PRI ST AT R T S e T A TR I A SN ACL N Ny LA AR



- R i g A T kS a4 L TR AT i e e vmemrrn e e e o e T L A

5. ANALOG DEVICE TECHNOLOGY

51 RF SURFACE RESISTANCE OF YE2,Cey0;, THIN FILMS

The excitement engendered by the discovery of the new high T, oxide sup-erconduc:on‘ has
led to much speculation about practical applications of thin fitms of these materials in digital end
anslog clectropic devices.2 Most of these envisioned asplications involve high frequency signals-
for which a detailed knowledge of the surface impedaice of the novel superconductors is very
important.

We have measured the surface resistance of thin Zms of YBaCuO in the frequency range
0.5 < f< 17 GHz using a stripline-resonator method. The stripline procedure aiso was used to
measure the surface resistance of high quality gold ard aluminum films; the resistance values
obtained agree with values predicted from the measured dc resistance using the Pippard?
formalism for the anomalous skin effect.

The YBaCuO films were produced by a multilayer deposition process. The deposition
method has been described in detail elsevhere* and we only present here a cursory description ¢f
it. The films are formed by e-bcam evaporation of 24 layers of Y, Ba, and Cu. Films with the
highest transition temperature were obtained using ytiria-stabilized zirconia (YSZ) substrates. The
relevant parameters for these films are shown in Table 5-1. After deposition, the films are
trensferted to a furnace where they are anncaled in flowing O, at 850°C for 2h. The furnace
then is turned off and allowed to ccol to 160°C in about 16 h. Auger profiling of the films made
by this process shows that the conceatrations of Y, B2, Cu, and O are uniform to within 1%
throughout the thickness of the fiim.

Fa e R SN e 2
AR TR
F ARSI B

Auger Composition
X-Ray Diffractometer

Ba,Y1 ‘79CU3

Polycrvstalline,
Nec Prioferred

TABLE -1
Thin Fiim Parameters
Fim1 Film 2
Number of Layers 24 24
Thickness of Cu Layers 247 A 246 A
Ba Layers 840 & 730 A
Y Layers 201 £ 185 A

Bag g¥1 53CU3

Polycrystalline,
No Preferred

Orieraation Orientation -
TR =0) 72K 62K
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A cross section of the stripline resomator is shown in Figure 5-1. The structure is forrmed by
three substrates. The top and central substrates are {11:0) sapphire with a £350-A film.of Nb
deposited ca them. The Nb on the central substrate he; been patterned as a meander Ine 23
indicated in Figure 5-2. The lower YSZ substrate supports the films of YBaCuO that are being E

s e r———— ey »«QWM«-?

evaluated.

The gzps at the ends of the meander line provide czpacitive coupling to the ceniral section
of the fine. The structure resonstes at frequencies for which the length of the line cornesjouds to
integral muliiples of half of the wavelength. The Q at cach resonart frequency is evalusted by
measuring the frequency response of the resonator usirg a netwosk analyzrer.

l
92044-19

Figpre 5-1.  Cross s=ction of the strpline rescrizcor.

*' D
C

N, CENTER CONDUZTOA

92044.20

Figure 5-2. Meander-line pa::: m used for the center conductor of the resonaior.
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‘ The quality factor Q can be expressed ss

Ql=Qc! + Qp!t + ¢

where Qg is associated with losses in the conductors, Qp with fosses in the dizlectric, and Qg
-with the loading of the resonator by the external measurement circuit. The gaps in the center
conductor are chosen to give a sufficientiy weak coupling of the resonator o the external circust
that the Q; term can be ignored. Also, the dielectric losses in our sapphire substratzs are known
to be much smaller than the losses associzted with the Nb conductor over the frequency rarze
0.5 <f< 17 Gliz, so that Qp>> Qc. Thus, the losses are almost entirely due to the conduztoss,
and we may write Q = Qc.

The surface resistance of the YBaCuO ground plane can be obtained from the measured Q
by noting that for a transmission line resonator®

Q=nl/acv, (5-2)

where e is the amplitude attenuation constant for the line, v, is the phase velocity, and fsthe
resonant frequency. Since the stripline geometry used is essentially a TEM structure, v, = c/eli?
where ¢, is the effective relative dielectric constant of the substrate.

Relating o, of a superconductive stripline to the surface resistarce of the superconductors
requires a detailed knowledge of the distribution of cusrents in the central conductor and in the
ground planes. We proceed by observing that, in all or measuiements, the quzlity factors
measured for the resonators containing a YB2CuO ground plane were significantly smaller than
those obtained with an all-Nb stripline. We can then consider all the losses assaciated with the
mez2sure Q as bzing due to the YBaCuO ground plare. The serface resistance R, is related to e

by>
x (5-3)

2

- T A EY):
a = 2z, i Ry 7y d

where the integral reflects the power loss in the ground plane per unit length ia the directicn

of the power transmission. Here, Z,, is the characterisiic impecance of the line, J{x) is the

current distribution in the ground plane, and I is the total current. The geometry is as shown in

Figure 5-1.

The distribution Jy(x} can be calculated nuraerically using an image methad.” Alternatively,
Equation (5-2) can be evaluated simply using an incremental inductance method first sugzzeszed by
Wheelzr.8 A detailed account of these calculations will be presented elsewhere. For our case, with
w = 150 um, h = 880 um, a conductor thickness of 0.3 um, and ¢, = 10.1, we obtain using ciiner
method ‘

TP

BN,

a. = 1.93 R () m! (54)

The surface resistance R, of the YBaCuO ground plane may be related to the measured Q of
the resorator by combining (54) and (5-2)

Rg=17.3 f{GHz)/Q ohms (5-5)
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Note that (5-5) is generally applicable to any material used for the bottom ground plane provided
that the Josses in the material are much greater than the losses in Nb.

To check the stripline measurement method, we ev..luated the surface resistance of a pure
gold fiim and of an aluminum film that have resistivity ratios R{T = 300 K)/R(T = 4.2 K) larger
| than 108. In this case, the surface resistance is limited 3t liguid bel'um temperatures by the
f anomalous skin cffect. In Figure 5-3, we bave indicated the experimcntsl resudts for the Y2aCuO
Gims as well as the measured values for Al and Au filgss. The theoretical curves were cbtaned
; from the application of the Pippard formula.3 As we se= from the graph, the experimeatal sesulis
for both Au and Al fall within experimental crror of the calculations, indicating the vatdity of
our measurement method.

i In order to evaluate the losses of the YBaCuO up to its transition temperature, a eiripline

l resonator has to be made in which all the conductors sre YBaCrO. The diclectric losses of the
YSZ then have 1o be evaluated to assure that they do not dominate the conductor losses. We
have used the same striplinc method with Nb conductors depositzd on YSZ to evaluate tlie loss
tangent of YSZ at 4.2 K.
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Figure 5-3. Swrface resistance of YBaCuO. A axd Al films &3 & function of frequency at 42 4 . 3
§
1 The losses measured in this resonator weie two orders of magnitude higher than for an
equivalent structure built on sapphire, indicating that dietectric Josses in the subsirate dominate. Y
F Further indication of this is that, except for some scatier of the Czta at lower {requenciss, the Q )
of the resonator is aimast frequency indzpendent. For a resonater dominated by dizleciric losses, 4
2 Q! =tan 8= ¢"/¢, where ¢ and ¢ are the real and imaginary components of the diclectric
¢ constant of YSZ, respectively. The frequency indepenczoce of Q indicates that tan biszls0
' consiant, which is common for many diclectrics. The iesults for the dielectric lotses arz shown ia !
'
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Figure 5-4. The real part of the diclectric constant determined irom the valoes of the resonant
frequencics was 25 and was coastant in the frequency range 0.5 <f <17 GHz.

A.C. Anderson B-Y. Tsaur
J.W. Steinbeck M.S. Dilorio
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Figure 54. Measured velues of 1he dielectric koss wwngent of yrria-stalulized srconia sabsirates at T=42 K

52 LASER DIRECT WRETE COMPERSAION OF REFLECT IVE-ARRAY
COMPRESSOR

A suitable process for lascr direct write compensation of reflactive-array compressors (RACs)
has been provided. A simple, stable, and ecavironmeatally insensitive amplitude-compensation
process has been developed® and used. The Mo photochemical etching process developed carlier!?
has been retained for phase compensation

The continuous weak reflection model of the RAC as modified to account for spatal
amplitude and phasc distortions has been demonstrated!! to predict quantitatively our
experimental spatial ¢istortion results to withi: 105% and thereby to provide a basis for a
compensation algoritin in which device error: can be expected to be reduced by an order of
magnitude.

Direct trimming of amplitude and phase response of an RAC was demorstrated on & device
with a time-bandwidt: product of 130 and a center frequency of 108 M Hz. To this end, a
featureless czrmet strip approximately 1.6 mm wide was sputter-ceposited in the 2.7-mm space
besween the RAC gratings during initial devia: fabrication. Subsequently, 2 1.0-mm Mo strip was
e-beam evaporated alongside the cermet on the LiNDO; suitace. The device was mounted in i
firal vacuum-tight peckage and photockemica'ly provessed.

49

PR EPHPOIPPP BRI



ki Ak ok, s 1

Ly TR

0
S|
x '7}'.
) >'-.
-
Koo
£ 5
1

LA e eiat e Y e bl

Accarate spatiak-domain correction patterns [or high-resolution trimming were obtained by
suitably deconvolving the effects of the grating keracl fenction from temperature-stable
frequency-domain measurements. A single compensation without iteration was applied. A second
compensation is expected to improve this final response.

The uncompensated frequency response with an initia! 0.4-dB €1t across the design
bandwidth was corrected to be uniform to withir: +0.05 dB as shown in Figure 5-5. The smail
residual bow in the response across the band may be aanbuted to a small nonuniform
attenuation characteristic of the cermet film across the kngth of the RAC. The Freseel npple at
the band edges is expected. In an ideal device with squared-off grating eads, the Fresnel response
is symmetric with a 0.75dB peak response.

As shown in Figure 56, full compensation of the device reduced the rms phase error from
1.5° to 0.5°. The origin of a residual 0.3° peak cubic harmonic component is unexplained.

In terms of a pulse-compression system, theie measurxd devace charactensiics would support
a weighting function with a 52-dB sidelobe level. This compares to a sidelobe level of
approximately 39 dB in the best of devices as conventionslly fabricated and compensated.

Application of these compensation techniques has resulted in significantly improved RAC
response characteristics. Added improvement car: be expected with refinement of these techmiques.
V.S. Dolat
- DJ. Ehrixh
JH.C. Sediacck

AMPLITUDE (dB)

FREQUENCY (MH2z!

Figure$5-5. RAC frequencs response betore emd zfter tullcommenaton desncal fimes reat aoper frequenc) exis
indwate the design bandwid:th of this device.
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PHASE DEVIATION
FROM QUADRATIC RESPONSE (deg)

|
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Figure5-6. Corresponding RAC rhase errors. A single p:xse-compensazion parsern was applied after amypisude

correctiorn.

53 BULK-ACOUSTIC-WAVE REFLECTION-IRATIXG RESONATORS: PHASE-RCISE
MEASURERENTS AND TEMPLRATUR . COMIENSATION

Phase-noise measurements were made using the LINGO; bulk-acoustic-wave (BAW)
resonators fabricated as described previously!? ex.zpt that the acoustic trapsducer was 2.
deposited thin film of ZnO. Several pairs of resonators were measured, all with resonam
frequencies between 1.0 GHz aed 1.25 GHz. Figare 5-7 shows the resuits of phase-noise
measurement with two oscillaters operating at 1.019 GHz. This represents cor best phase-noise
performance obtained to date, and the results in all cases are consistent with the parameters of
the resonators and circuits.

The solid line shows the results obtained for the singie-sideband phase noise using the
standard mocel of a feedhack oscillator.!3 From this modei, the single-sideband noise power in 2
I-Hz bandwidth relative to the carrier power is given by

of \feReT | o
L{w) = 10 log [N2 <l + > - + 'a,'\ (5-6)
4Qu2/\ Pe /

where L(w) is in ¢Bc/Hz, P is the oscillator paver, G the ioop gain, F the amplifier nise
figure, w the offset frequency, Q the resonator g .ality factor, w, the osciilator fundamestal
frequency, e the fiicker-noise constant which mu.t be empirically cetermined, and N o
frequency-multiplication factor.
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Figure5-7. Resulis of mesrurements of phase noise in E A W-resonator-siabitized oscillators. For reference. the
noise ina typical SAW osce: 2:or multiphed up to I-GHz ¢ reration and nowse fora DROa1 1 GHrareshown. Abo
shown is @ theoretical curve obiained using Equation (5-€jwith G =43 dB F=3dB, P = 16 JBm. Q=2.0X o
and a < 16 X101, The agveercnt between theory and experiment 15 excedent. The botiom curve shows the
projecied Roise witk improvernents discussed in tex1, using Equation (3-6)withG = 25 dB. F= 4 dB. P.=27d2m,
Q=5%10% and @ = 2X 1642,

To cbtain the cure given in Figure 5-7, the “silowing parameters were vsed: G = 40 dB,
F=3¢B, P,=16dBm, Q=2X 10* and a = 1.6 X &1L, The value of a was dewermined by
measuzing the 1/1 noise of the amplificrs in the crcuit. It is significant that the eatire 1/
contribution comes from the 1/f noise of the am;g !ifiers and that tie resonators themsekves seem
to be free of added contributions. This is in contrast to the case of surace-acoustic-wave (SAVY)
resonators where the resoaator itself contributes ¢ the 1/£3 part of the phase-noise curve because
of significant 1/f noisc generated in the resonator. !4 As can be seen from the fgure, the
agreement between model and experiment is quite good over the most of the range of
MeaSUremnent.

Figure 5-7 also compares these results with ciker technologics that have been described in
the literztare. The SAW results are for a typical resonator operating at 500 MHz and doubled to
1 GHz The dielectric-resonator osciliator (DRO) data is from Reference 15. Also showr in
Figure 5-7 are the results given by Equation (5-6) for a set of projected paramsters for the BAW
resonators. We conservatively project that we can run with a loop gain of 25 dB; this includes an
insertion loss of 15 dB for the device, 3 dB for th: filter, 3 dB for the phase shifter, and allows
for some margin. The noise figure F is 4 dB. We =stimate a P, of +27 dBm; since we already
have run an oscillator at +22 dBm, the extension 10 +27 dBm seems straightforward. We
furthermcre project a Q of 5X 104, This is still iess than the maicrial limit at 1 GHz and should
be obtainabie with improsements in the optical s stem. The projection also assumes a value of o
equal to 2 X 10-12, which we [feel is casily achievasle since even lower values have been
reported 14
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compeacated direction for balk acoustic waves.

Lithium tantalate, however, has been showa to bave tzmperature-stabic BAW cuts!® and has
been shown as weil 1o be a photorefractive materist that can support optical kolograms.!?
LiTzO; is also well known as a high-acoustic-Q meaterial and in the Z-propagation direction has
been reported to have lower loss than LiNbBO,y.M [n this regard, we have investigated fabrication
of holographic resonators in Fe:LiTaO;. Figare 5.8 shows the reflection coefficient for a sample
of FeLiTaO; into which a hologram was writica in the same manaer as described previously for
Fe:LiNbO;. This result is for a compressionai wave propagating in the Z-direction and for the
hologram k-vector also in the Z-direction. Gearly the Fe:LiTaO; functions in a way comparable
to Fe:LiNbO, for a compressicaal wave propagating in the Z-direction.

Calculations were undertaken to Jocate a cut of LiTaQy with zzro temperature cocfiicient of
delay. Because the internal ficids in the material zre such that the Z-direction is the ope with the
most casily written holograms, we investigated cuis closs to the Z-axis. A cut was identifizd and
Figure 59 shows results of measurements of the ‘ractional change in delay for a shear wave with
direction cosines of 0.25, 0.34, and 0.30. Funther neasurements are currently under way to find 2
tarnover tempersiure closer 1o rocmn temperate.

MAGNITUDE (dB8)

ul -

45 1 : A
128 10080 1032 1034 1038 1628

FREQUENCY (MHz}

Figure 5-8  Reflection corlficert foo a resonator fabncored in LiTaOs
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Figure 5-9.  Mecsurements of relative change in delay vi semperanae for new cx of LiTaQ; employing shes:
wave propagarion.

The temperature-compensated mode, however, is a shear wave. Although our LiNbO; work
has been predominantly with compressional BAW, we have verificd that a resonator can be
fabricated using a shear wave. We anticipate, therefore, that temperaturc-stable shear-mode
resonators can be developed in Fe:LiTaO;. However, the use of shear waves may preclude the
use of ZnO thin-film transducers and require inst:ad bonded platciet technology.

We have demonstrated good parformunce in BAW refiection-grating resonators and
demonztraied continving improvemzais leading to the goa! of very low phase noise using an
irexpeasive and readily manefacturable technolog v operating at fundamental frequencics of
1 GHz and above. We aise have demonstrated, ir. principie, that temperature-compensated
resonators can be fabricated in LiTaO;. Efforts are under way io achieve the goal of temperature
compensation znd to investigate the possible Q fzctors and insertion loss as weil as messurements
of the phase noise. '

D.E. Oates
J.Y. Pan

A

92044-27

0 e e

PRNCR



IR

3

S.

REFERENCES

. J.G. Bzduorz sz R.A. Muller, Z. Phys. B 64, 189 (1939).

AP. Metazersodt, W.J. Gal'sgheey, aad [LE. Schwall in Chemistry of High-
Temporcture Suservondsctors, edsd % D.L. Nekon, M.S. Wittinghem, and
T.T. George (ACS Symposiam Ser. No. 331, 1987).

A.B. Fippard, Advances in Elcctrowics snd Electron Fhys. €, 1 (1954).

B-Y. Tsaxr, }.S. Dilorio, and AL Striuss, Appl. Phys. Leit. 51, 858 (1937).
G.L. Manhaei, L. Young, and E.M.T. Jooes, Microwsve Filters, Impoedasce-

Matching Networks and Coupling Strutures (McGraw-Hill, New York,
1964), p-217.

" R.A. Pucel, D.J. Massc, and C.P. Hartwig, IEEE Trans. Microwave Theory

Tech. MITT-14, 342 (1968).

T. VasDuzer and C.W. Turner, Princiz’ss of Superconductive Devices and
Circusits (Elsevicr, New York, 1531), p. 112 ’

H.A. Wheeiz, Proc. IRE 139, 412 (19425,

9. Sobid Stziz Peseasch, Lincoin Laboratory, MIT (158T:1), p. €3,

16

.

13

14.
I5.

16.

I7.

DTIC AD-AL3337.

$~T'd Simte Rewzich, Linceln Laboratery, MIT (85251}, p. 51,
Dl AD-ARESZ

So7'd Sixte Keszarch, Lincoln Laboratery, MIT (1525:4), p. 58,
DTIC AD-AIZ2215.

Solid State Reswearch, Lincoln Leboratery, MIT (1937:1), p. €3,
DTiC AD-AI85337.

T.E. Parker, “Surizce-Acoustic-Wave Cscillators,” in Precision Frequency
Corwol Vol. 2, editzd by E.A. Gerber znd A. Ballato (Academic Press,
Grizndo, Flonda, 1985), p. 66.

T.E. Parker, in Proceedings of the 41st Annual Symposium of Frequency
Conwrof — 1987 {0 be published).

G.D. Alizy 20d H.C. Wang, IEEE Trais. Microwave Theory Tech. MTT-17,
959 (1979).

S.V. Krishnaswamy, B.R. McAvoy, H.1. Salvo, and R.A. Moore, in /984
Ultrasonics Syrposium Proceedirgs (IL.EE, New York, 1984), p. 421.

E. Kractzig ard R. Orlowski, AppL Phys. 15, 133 (1978).

55

e ’ﬂ-‘w*;n-qv?

b i e

PPN Wi



P
—~
4

i : e TR AT s S T VAT G W L ST TR TS e v T e T e A e

sy

WECHTIY CLAUBARCATIS N OF Vol Sask
REPGRT DOCUZENTATHNS FAGE
o TARORT BECUMTY A Sa AT TR T I GRREREE T
Unelamified . o J
e BN CLABSIRC YO Fite ot BT TR AR ATy CF RGN

T CRRRRPL STEAR TR i 5 Bl R Approvst for prblic relewr; diaribution enlimiled.

SR PRPTE: |

T T R AN TR AL T RS TR R RS EINRE RS *;
Eoo1seiA T ES125 :
:
2

T T R ] . TR SVl | v e E U MR TR GRERIATE
i Lincela Leboratsry, 3IT o Electranic Syrewes Dlelsicn i

IO iy, Seate, and Dy cave) ARV T Bey o o Codty 5

ik s el

P.O. Box T3 Hanoooms AFB, MA 81731
Lexington, MA 021732073

ek
L

K Ieepmmert e e —————— S ———————— e o s m\,.w—v—wpﬂ e crer— - - ~orn

"“% o, GALEL G FU. G/ SPONSORHG B T SoL |8 FROCUGRART BB Ak T Bri kLA 1k N :

ORGAIIATICN (¥ goplicadls) :

3 £623.85.C4902 '

&’ Air Foree Syricsas Commend, USAF F !

% T ASORESS (Cay, Scate, and Zip Ciisd) TS5 TT O FOARG AL EEAS :

"% revcra

; Andrews AFY: ¢ %J&C’f }"-’QOS:K \:é)ég '!;f...;“i KO :

5 Wechingioa, DC 20334 - - SEOM RO

4 68L !

- ) '

& Y11, TRLE (e’ Seeiarity Classcnation)

) 3 Solid Sanie Flesenrch

2 :

w r o 1 g £ R R AT, TG AT

4 RS WA EET EX ™ - o "

& Pt Ja PR Uheaior »

& el el R 10 Ve COVEREDS T TSI Tvam, Foe D51 § 16, Par Ltadl l

- E praratenly Feduzical Regort enoat _Shw 10O DNCGaAT 15 Meven Ler 1307 &3 ;

. ?.‘x ST AR ROTATRON . :
i Noue :

LY B CO5-ATE CODES 13. SUBKCCT TERIES {0 inus o revdese if nocesshry end isesify by Mook numisx)
e " D eolid rtaie dovices, lasers - microwave semizondustor deviors -
RELD GrEOUP SUB-GROUP guantum etamu{u‘ iaser srieys. 7 dvy esching ] ’
matovinls revrerdh wavelrent semoor. | ewitched capacitors
mkreclaciraning inirarod detectory - sspricowductens -
susiog device tecksale v, beckguting - scensiinvare dovices. &

30, ARSTHALCT (Continua on reverse if necsseary and ilenuily by bieck Auiniet
I

This report covers in detail the oclid rate rrsea;c?%k\ of 1he Sclid State Division 2t Lincoln
Laboratory for the period 1 Augost through 31 Octelzer 1957, The topics covered are Solid Stat: Device Y
Rescarch, Quantura Electronies, Materials Resesrch, Microelecsionics, and Analog Device Technolsgy. Tev, S
Funding is provided primarily by the Air Foree, with sdditiunsl support provided by the Army,
DARPA, Navy, SDIO, NASA, and DOE.

']
3 75 TIE AT O AVAL ABIUTY DF ARSTRACT ARG ALY DECURELY LUAGSELANDN '1
i JURUMITED = 3aMEASRPT.  0pnetses; | Undaafed
’E: o OF FESPORS HLE IRSHADUAL - TE T e Aen Coeay | daz welin 210 DOL "
," 1 Tr Cob. Hozh L. Scuthali, USAR g ExDAEME
E’ 020 FOHM 1672, B4 wAR 32 APK ockmrm mury e wisnd wnTh it st l}."i{;LAS";T"TI?EL‘
Al e e B LRSS i —

SELUWTI CLARSSICA Ty (v iH1B PAUT

m'v"i'n e T



